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Liposome Ttchnology 



I. INTRODUCTION 



Some of the more significant obsiacics lo be faced in the dcvelopmcni 
of liposome-based pharmaceuticals lie in the ability to produce formulations 
that not only provide a therapeutic benefit, but also meet pharmaceutical 
demands such as large-scale production and.long-tcrm stability.' These issues 
can be particularly difficuli co resolve for many amphipathic drugs employmg 
passive liposome entrapment procedures, where the drug is included in the 
hydration buffer during liposome preparation. This is due to the fact that, for 
pasuivciy trapped formulations, the liposomes must retain such drugs (after 
removal of uncncapsulaied drug) for 1 year or more during storage, an es- 
pecially challenging task given the relatively high membrane permeabilities 
of these dual hydrophobic-hydrophiiic agents. Similar problems can be ex- 
perienced for these systems when cryoprotectant-bascd storage approaches 
(freezing and lyophilization) are utilized In that drug leakage can occur at the 
time of reconstituiion.^ Funhermorc, many agents in various drug classes, 
such as antineoplastics, are extremely toxic. This presents specific scale-up 
problems because large-scale liposome processing techniques such as high 
pressure extrusion must be performed in the presence of the drug, thus making 
the procedures potentially very dangerous. 

The use of transmembrane pH gradients to encapsulate certain amphi- 
pathic drugs resolves many of the problems associated with passive trapping 
techniques. In this **aciive entrapment" approach the drugs (lipophilic amines 
as presented here) arc added to preformed liposomes with an imposed pH 
gradient (inside acidic). The di"ugs redistribute across ihe membrane in re- 
sponse 10 the pH gradient, resulting in trapping efficiencies that can approach 
100%,^ This allows the drug to be encapsulated just prior to use, thus alle- 
viating problems associated wiih posiencapsulation processing and long-term 
storage. In addition, the pH gradient Increases the retention of such drugs 
inside the liposomes once entrapped. Finally, since this approach does not 
rely on any specific drug-lipid interaction to enhance entrapment, it can be 
used for vlrrually any lipid mixture that forms liposomes capable of main- 
taining a stable transmembrane pH gradient. 

The use of icansmembranc pH gradients to encapsulate drugs in liposomes 
is applicable to a wide variety of agents in many drug cla^'ses. Table 1 lists 
several lipophilic, amine drugs that respond to liposomes exhibiting a pH 
gradient (inside acidic) by accumulating in the vesicle interior. This encap- 
sulaiion procedure is suitable for drugs ranging from antineoplastics to local 
anesthetics and antiparasitic agents.* Such information suggests that pH gra- 
dient-mediaied drug entrapment may be of use in a broad spectrum of ap- 
plications. 

In the sections to follow, the authors describe the techniques for preparing 
liposomes ihat exhibit pH gradients, loading the liposomes wiili drugs and 
analyzing the resulting sysienns for drug entrapment, as well as the magnitude 
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TABLE 1 

Lipophilic Amine Dmgs That Accumulate Inside Liposomes 
in Response to Transmembrane pH Gradients 



Drug 


Class 


Duunorobicii) 


Antineoplastic 


Doxorubicin 




£pdrublcin 


Ancincoplasiic 


Miioxanrfironc 


Anrineoplaslic 


Vinblasiinc 


AniincoplasMic 


Vjflcriitinc 


Antineoplastic 


Chlorpromaiinc 


Locil anesthetic 


Dibucaiiie 


Local anesthetic 


Lidocainc 


Local anesthetic 


Quinidinc 


Antiarrhychmic s^gtni 


Dopamine 


Biogenic amine 


Serotonin 


Biogenic ^roinc 


Imipramine 


Anddcpressani 


Diphcnhydramint 


Antihistamine 


Qainine 


Anlimilaricl 


Chloroquine 


Ancimalarial 



From Madden. T- 0- st al. , Chem. fhys. Lipids, 53, 37, 1990. With permission. 

of the pH gradient. Also discussed is the theory behind the technique and the 
importance of parameters such as liposome size, lipid composition, diu^ to 
lipid ratio, and enu"^apped buffering capacity in determining the properties of 
such systems, employing doxorubicin and vincristine as represeniative drugs. 

n. METHODOLOGY 

A. ?m:?aration of liposomss 

Volume 1 of this second edition presents a very thorough overview of 
the various techniques for preparing and evaluating liposomes. In this chapter, 
issues regarding Liposome production that directly influence pH gradient- 
mediated drug encap.sulaiion are discussed. The liposome preparation tech- 
niques described here arc meant to serve as examples and the overall concepts 
should be applicable to most liposome production procedures. 

Most liposomes to be used for therapeutic applications are composed of 
more than one lipid species. It is therefore important to ensure that all the 
lipid components are homogeneously mixed prior to hydration, regardless of 
the preparation procedure. Typically, die lipids are co-dissolved in organic 
solvents such as chloroform, methylene chloride or benzeneimethanol (95:5, 
vol: vol), The solvents can then be removed by high vacuum evaporation in 
the case of the halogenated solvents or by lyophilization in die case of the 
benzeneimethanol solvent system. The resulting lipid fihns or lyophilized 
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powder, respectively, are Chen ready for hydration in aqueous buffer. Ii should 
be noted that for lipid systems containing cholesrerol, special anentioo should 
be given ro the methanol or eihanol comem in chloroforn:) during solvent 
evaporation . Duiing chis process, the solvent becomes enriched in alcohol 
which can result in precipitation of cholesterol in ihe lauer stages of evapo- 
ration. Such an occurrence precludes the success of further liposome pro- 
cessing, as (he resulting cholesterol microcrysiais do not readily incorporate 
into lipid bilayers after hydration. The remedy for this situation is to avoid 
'the use of alcohol in the preparation of a lipid film from chloroform or 
methylene chloride solutions and to maintain elevated solution temperatures 
(40*C) during evaporation. Finally, it is imperative that residual solvent con- 
tent in the lipid film or powder be negligible, since the presence of solven: 
in the liposome solution may adversely alter the ability of the liposomes to 
maintain a stable pH gradient and retain entrapped di'ug. 

Hydration of hpid films or powdcrsi can be accomplished by adding buffer 
of :he desired composition and pH and swirlbg or vorteTcing until all of the 
lipid Is evenly dispersed in solution (50 to 200 mg lipid per milliliter of 
bufrer). In (he case of saturated acyl chain phospholipids, the buffer solution 
slAOuld be maintained above the transidon temperature of the highest melting 
lipid species throughout the hydration process. The resulting multilamellar 
vesicles (MI-Vs) are heccrogcncous with regard to size (500 nm to several 
microns in diameter) and display small aqueous trapped volumes (sl.O ^.1/ 
fxmol lipid). In addition, these MLVs often do not have interlamellar equi- 
librium solute distribution, a propeny thai can give rise to destabilizing trans- 
membrane osmotic gradients/ The trapped volume and solute distribution 
problems can be alleviated by freezing and ihawing the liposome solution 
several times using liquid nitrogen and a water bath equilibrated above the 
transition temperature of the highest melting lipid component.*^ This process 
results in imerlamenar equilibrium solute distribution and increases the aqueous 
trapped volume of the liposomes above 5 pLl/^imol lipid. Similar increases in 
trapped volume and equilibrium solute distribution can be accomplished by 
employing reversed-phasc solvent evaporation techniques. However, special 
attention must be given to ensure complete solvent removal during this pro- 
cedure in order to avoid the membrane permeability problems referred to 
above. 

Although precursor vesicles such as frozen and thawed MLVs can be 
used directly to entrap drugs in response to pH gradients, their size hetero- 
geneity is often unacceptable for therapeutic applications. Consequently, ad- 
ditional processing to achieve the desired size distribution is often necessary. 
Several techniques exisi for adjusting liposome size, such as sonication, ho- 
mogenization, microfluidization, detergent dialysis, and extrusion (seerelared 
chapters in Volume 1). The authors have found high pressure extrusion to be 
the most versatile procedure for their applications since a wide range of mean 
vesicle diameters can readily be selected on the basis of the filter pore size 
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used.' In addition, this procedure does not employ agcnis such as deceigenis, 
which can compromise ihe drug reiemion propenies of the liposomes. 

B. G£NEIL\TION OF TRANSMEMBRANE pH GRADIENTS 
Selection of the buffer composition and pH during liposome hydration 

and subsequcni processing establishes the conditions of the vesicle interior 
aqueous ccmpartmcnU In; order :o create a trans ixienibrane pH gradient (inside 
acidic), the pH of the cxiravesicular aqueous compartment must be increased. 
This can be accomplished by two general approaches: (1) addition of an 
alkalinizing agent (typically a concenurated base or alkaline buffer) to inacasc 
the exterior pH to the desired level, or (2) exchanging the extravesicular media 
with the desired buffer by gel exckision column chromatography or dialysis 
techniques. Per Ltic alkalinizer addiuon technique, solutions of sodium car- 
bonate or dibasic phosphate (concentrarions between O.I and l.^ M) can be 
used to rapidly adjust the cxtravesicular pH to the desired level (typically pH 
7.0 to 7.5) for conditions under which sterility can be easily maintained. 
Potential drawbacks arc thai transmembrane osmotic gradients can result upon 
addition of the alkalini2Cr and buffer/drug incompatibilities can limit the 
choice of the alkalinizing agent. Exchanging the exterior buffer by chroma- 
tography or dialysis provides more flexibility in selecting the cxtravesicular 
buffer composition, thereby avoiding transmembrane osmotic gradients. How- 
ever, these techniques are more cumbersome and maintaining sample sterility 
can be problematic. 

C. DRUG ENTRAPMENT 

Once the liposomes have been manipulated to exhibit a transmembrane 

pH gradient they should be used for drug entrapment within a time frame in 
which the ApH has not been significandy depleted. Tnis time will depend 
largely on the lipid composition and can be determined by monitoring the 
transmembrane pH gradient as described in die following section. Although 
it is typically most convenient to alkalinize an aliquot of liposomes with 0.5 
M NaaCOj or 0.5 M Na^KPO^ for immediate use,"- we have observed diat 
liposomes displaying a transmembrane pH gradient can be stored unchanged 
at 4''C for several days.^^ The alkalinized liposomes are then mixed with die 
appropriate amount of drug dissolved in saline (drug concentration I.O to 
10.0 mg/ml). Some liposomal preparations will require incubadon at elevated 
temperatures to accomplish complete uptake of the drug into the vesicles. 
Figure 1 shows the influence of the incubaiion temperature on doxorubicin 
uptake into EPC: cholesterol (55:45» molimol) liposomes displaying a pH 
gradient (pH 4.0 inside and pH 7.5 outside). At 37X, approximately 100% 
of the drug is entrapped by the liposomes over 90 min. Increasing the tem- 
perature to 60*0 results in trapping efficiencies approaching 100% within 2 
minutes.^ For more membrane permeable drugs such as vincristine, incubation 
temperatures can be lowered, depending on the selection of lipid components.^ 
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PlOURE 1. EffecT of incubation tcnpcfature on pH gradicnt-mediaicd doxorubicin upcakc into 

EPC;cholci,£cro] (55:45, mol:mcI) vcsidcs. Vesicles were prepared in 300 mM Citric acid (pH 
4.0) and crniided chrough 200 nm pont sitc polycnrbonatc filters. Prior :o do:?nnibicin addirion, 
the external vesicle medium was broushc lo pH 7.8 ^vith sodium hydroxide. Doxorubicin (3.0 
mg/ml) «/as added ro liposomw (110 mg/rr)) equilibrated ai 21 (■), 37 (oj, and ^)''C (•)• 
EntrApped doxorubicin wa*; dctcrmiacd <as described in the Methodology section. (From Mayer. 
L. £). e[ aL, CufKcr Res., ^9, 5922, \m. With permission.) 

Conditions required to achieve 2:95% trapping efficiency within a desired 
length of lime should be determined for each drug/liposomc combination 
used. Once identified, these conditions wilJ yield very reproducible entrap- 
ment properties. I: should be pointed out thai, for some agents, the drug must 
be added to rhe liposome solution prior to ihe alkalinizaticn step to avoid 
.solubility problems. For example, addition of vincristine to DSPCxholesteroI 
(DSPC, distearoyl phosphatidylcholine) liposomes alkalinized lo pH 7.5 re- 
sults in drug precipitation, whereas alkalinization of the liposomes with 0.5 
M NajHPO^ after addition of the drug results in complete drug solubility and 
efficient encapsulation. 



D. DETERMINATION OF DRUG ENTRAPMENT, 
ApH, AND DRUG RETENTION 

The extent of drug entrapment by vesicles can be readily deiermbed by 
column chromatography. A small ahquoi of the liposomal drug solution is 
diluted (if necessary) with unbuffered saline to achieve a lipid concentration 
of 5 mAf. Lipid and drug concentrations are then determined employing 
scintillation counting, specrfophotomeiric assays, fluorescence assays, or high 
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pressure liquid chromatography (HPLC) analysis depending on the nature of 
the dnig and whether the liposomes contain a radiolabeled lipid marker. 
Unirapped drug is separated from the liposomes by ccntrifuging 0.1 ml of 
the diluted sample through a 1 .0-mI Scphadex^^^ G-50 minicolumn equilibrated 
in saline buffered to the pH of the encapsulation solution.* The vesicle- 
containing eluant fraction is then assayed for lipic* and drug conicm. Trapping 
efficiencies are calculated as the diug:Iipid ratio after separation of free drug 
divided by the drug'hpid ratio before separation. 

Transmembrane pH gradiems are monitored employing ^"C-meihyiamioe 
as a probe of ApH, Typically, »'C-methylamine is added to a liposome solution 
containing ^10 mM lipid lo achieve a final level of approximately 0.5 fxCi/ 
ml. vSamplcs should be incubated for 15 min at a temperature above the 
a-ansition temperature of ti^c highest melting lipid. After cooling the mixtures 
10 room temperature, 0.1 ml aliquois are passed down 1.0 ml Sephadex'^ G- 
50 columns equilibrated at IVC with a buffer comparable in osmotic strength 
and pH to the incubation media to remove unencapsulaied methylaminc. 
Mcthylaniine and lipid concentrations before and after column chromaiog- 
raphy are determined by scintillation counting and lipid phosphorus assay for 
liposomes thai do not contain a radiolabeled marker. Upon determination of 
the aqueous trapped volume of the vesicles (refer to Chapter 8, Volume 1 of 
this set) the transmembrane pH gradient is then calculated according to the 
relationship: 



•[H"];„ [methylamine];„ 



[tr],,, [mcthylamine] 



4iul 



II Should be noted that radioactive meihylamine of the highest specific activity 
should be utilized for determinations of transmembrane pK giradienis in 11- 
posomaJ systems with very small entrapped buffering capacities and/or very 
small pH gradiems (<0.5 U). Methylaminc molecules redistributing to the 
vesicle interior sequester protons in a stoichiometric fashion. As a result, 
special attention should be given to ensure that condidons used to monitor 
the transmembrane pH gradient do not, in themselves, cause a reduction of 
the ApH.^* 

The in vitro retention of liposomal drugs encapsulated in response to pH 
gradients can be monitored by dialyzing samples (2 mftf lipid) for 24 h vs. 
] 000 vol of 20 mM Hcpes, 150 mM NaCl (pH 7.5) at At various times 
0. 15 ml aliquots are removed and entrapped drug is determined employing 
column chromatography, as described above. The residual pH gndicnt of 
these samples can be determined by incubating the aliquot for 15 min with 
the appropriate amount of methylamine prior to passage down gel filtration 
columns. 
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FICURS 2. Sch^muiic rcpreitenuuinn of etjuilibrla involved ir\ 
upiakc of lipophilic amine drugs across biUycr membranes in re- 
sponse 10 innsmcmbrune pH gradients. Hie ncufi'al (unprnion/Kcd) 
drug species ii denoted as "a", whereas ihc posiiivcly ch;ir»ed 
(prownated) drug species is dcnolcd s^i *'AH*'*. 



HL RESULTS AND DISCUSSION 

A. THEORETICAL CONSIDERATIONS 

Lipophilic drugs that contain titratablc, amine moieties permeate bilaycr 
membranes orders of magnitude faster in the neutral (uncharged) form than 
in tlie posirively charged form. As a result, the neutral species of many 
lipophilic, amine dnigs (see Table I) can readily equilibrate acros.s mem- 
branes. As shown in Figure 2, drug molecules on both sides of the membrane 
will equilibrate between protonated and neutral forms on the basis of the pK^ 
of the drug and the pH of the bulk media. Assuming ihai the pK of the drug 
is the same in the intra* and eximvesicuhr aqueous compartments, the rela- 
tionship between the proton concentration gradient and protonated drug (AH*^) 
ooncemrarion gradient can be simplified ro [H'],^[H')^, lAH^lJlAH^ ]^^^ 
For unilamellar vesicles exhibiting a transmembrane pH gradient of 3 U 
(interior pH of 4.0 and exterior pH of 7,0), this relationship predicts a drug 
concentration grudicnt of 1000 (assuming a drug pK^ that is substantially 
higher than the pH of the exlravesicular medium). One of the first reports; of 
such behavior for biologically active molecules was presented by Nicholls 
and Deamcr/^ who demonstrated that dopamine could be accumulated inside 
model membrane vesicle systems in response to a proton gradient (inside 
acidic). Numerous studies by the authors* laboracory^-* **^ ''"'^ have demon- 
strated that this response can be utilised to accomplish the efficient entrapment 
of a wide variety of dm^s to high concentrations inside liposomes. The 
resulting preparations are well suited for therapeutic applications. 

Although the analysis presented above suggests that the generation of 
liposomal drug systems widi trapping efficiencies above 90% is straightfor- 
ward, [he ability to obtain stable preparations with specific entrapment, size, 
and drug:iipid ratio characteristics; requires a more thorough examination of 
the uptake process. Figure 2 shows that protons are consumed as the neutral 
drug species equilibrates wjth the charged form upon exposure to the acidic 
vesicle interior, resulring in a net depletion of the entrapped proton pool. 
Failure to ensure a sufficient iniravcsicuhu- buffering capacity can therefore 
lead ro a collapse of the transmembrane pH gradient and a preparation with 
inferior encapsulation and drug retention properties. This effect will depend 
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F/GUTIE 3. Uptake of v^incristiiw inio DSPCcliolestCfol 0) and EPC:choi&siero) (■) vesicles 
at ^rC (o. and 60*C (•). Vincristine wius incubated with PC: cholesterol vesicles (55:^5, 
rnol mol) ai a drugUipid ratio of 0.17:1 (W*) artd (rapping efficiencies «erc deiermincd as 
described in ihc Mcthodotogy section, (hrom Mayer. L. D. w al., Cart«r^«.. 50. 575. 1990. 
With permission.) 

on the vesicle size, drug:lipid ratio, and the namber of protonaiable groups 
per drug molecule. Consequently, these parameters musi be carefully analyzed 
for individual liposomal drug formulations prepared by the pH gradient-me- 
diated drug entrapment procedure. Funhcr, the trapping efficiency is related 
to tliw absolute drug and lipid conccnlralions. SpccLHcally, decreasing the 
liposome concentration for a given drug:Upid ratio will tend to result in 
decreased drug trapping efficiencies. In the sections to follovv, these rela- 
ciooships are described in more detail and are related to .specific liposomal 
doxorubicin and vincristine fonr\uIa:ions. 

B. INFJ..UENCE OF LIPID COMPOSITION 

Alterations in the lipid composiuon of liposomes for use in pH gradient- 
mediated dmg encapsulation may be made on the basis of biological response 
requirements or pharmaceutical issues such as chemical and physical stability. 
These changes often involve manipulations of cholesterol content or the degree 
of saturation of the phospholipid acyl chains. In the context of pH gradient- 
mediated liposomal drug entrapment, charges in lipid composition pnmanly 
affect the relative rates of drug uptake and drug retention, whereas charac- 
teristics such as the maximum attainable dnig:lipid ratio and pH gradient 
depletion are influenced co a far lesser extent. 

Figure 3 SQOWS the dependence of the rate of vincristine uptake into 
liposomes on lipid composition and incubation temperature. At an incubation 
temperature of 2rC vincristine accumulates inside EPC/cholesterol (55:^5, 
mol:mol) liposomes, achieving 78% drug enirapmeni within 15 min and 
>90^c entrapment within 1 h. In contrast, DSPC: cholesterol (55:45. mo]:mol) 
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FIGURE ^- Rdrase of doxorabioin from iiposome$ under dialysis eondicicrt:; at 37°C «fier pH 
gradieni-mediatcd cncapjjuhiion (a co f ) or passive encapiniladon (g). The liposomes *cj:c com- 
posed of EPC;choJ«tei*ol ai molar alios of 55;45 (a. g), 67:33 (b), and 85:15 (c); pure E?C 
(f ); EPC:EFG;cho!«tcrol ai molar ratios of 52.5:2.5:43 (c) and 27.5:27-5:45 (d). 

liposomes cnirap only 20% of xhe available vincristine over 1 h ai this lem- 
pcramrc. However, the DSPC; cholesterol liposomes are capable of encap- 
sulating high levels of vincristine, since elevation of the incubation temper- 
ature to 60T results in rapid and efficient (^95%) vincristine enirapment 
for this vesicle system. Note that the relatively suble uptake level observed 
for the DSPCxholesiaol liposome system between 15 and 60 xnin suggests 
ihac this effect is not related solely to permeability rates. pH gradient-mediated 
uptake propenics not only vary as a function of lipid composition, but also 
according to the drug to be entrapped. For example, whereas vincristine 
accumulaies relatively rapidly in EPC: cholesterol liposomes at 21*C (Figure 
3), doxorubicin incubated with these liposomes under identical tempera- 
ture conditions results in only 30% entrapment over the same time course 
(Figure 1). 

In addition to influencing the pH gradient-dependent uptake process, 
vesicle lipid composition can also exert effecrs cn the drug retention propenies 
of the liposomes subsequent to encapsulation. As shown in Figure4, liposomal 
doxorubicin preparations varying only in lipid composition exhibit different 
drug release kinetics at 37^. Three general trends can be identified from 
these data and other similar studies. First, increasing the cholesterol content 
of the bilayer membrane increases the ability of the liposomes to retain en- 
trapped doxorubicin. Second, increasing the degree of acyl chain saturation 
of the phospholipid component (which increases membrane rigidity) increases 
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the drug retention properacs of the liposomes. Third, inclusion of negatively 
charged lipids in the .membrane results in Increased leakage of lipophilic 
cations such as doxorubicin (Figure 4) and vincristine^^ from liposomes after 
pH gradient-mediated drug encapsulation, 

C. INFLUENCE OF ENTRAPPED BUFFER COMPOSITION 

As noted above, it is generally accepted that lipophilic amines permeate 
membranes in the neutral (dcproionated) form. Thus, vesicle uptake of these 
agents in response lo transmembrane pH gradients results in a deplcdon of 
the internal proton pool us the neutral species is reprotonated upon exposure 
to the acidic Imravesicular medium. Consequendy, pK gradient-mediated drug 
encapsulation Is dependent on the entrapped buffering capacity and a major 
determinant of this paj-ameter is buffer composition. The three primary factors 
in this area are buffer chemical composition, buffer concBntration, and the 
preuptake pH relative to the pK, of the selected buffer. 

For liposomal systems exhibiting transmembrane pH gradients (mside 
acidic) in which the internal pK is <5.0 wc have found citric acid to be the 
buffer of choice. Il has several advantages over other buffers that are partic- 
ularly applicable for drug delivery applications. First, it is a widely^ used, 
pharmaceutically acceptable exclpient for use in injectable therapeutic for- 
mulations. Limitations must be placed on the total amount and conceniraiion 
of citrate administered in vivo, hONvever, due to its chelation of plasma cal- 
cium. Second, .ciuic acid is a triproiic buffer that exhibits a wide buffering 
range (pH 3,C to 6.5). Third, because citric acid has three tiiraiable groups, 
osmotic contributions on a per proton equivalent basis are reduced as compared 
to diprotic and monoprotic buffers such as oxalic acid and acetic acid. This 
is an imponant consideration since liposomal systems exhibiting hyperosmolar 
intravesicular media are susceptible to serum- and plasma-induced leakage of 

entrapped contents. . . 

Figure 5 demonstrates that for the lipophilic amine drag doxorubicin pH 
gradient^mcdiatcd drug entrapment is dependent on the buffer concentration 
Tn the entrapped aqueous companment. »^ For an initial doxorubicin to lipid 
ratio of 0.36-.1 (molimol), increasing the citrate concentration from 10 to lOO 
mM produces an increase in the doxorubicin trapping efficiency from 24% 
to >98%. Further increases in the entrapped citrate concentration above 100 
mM result in trapping efficiencies of approximately 500%. Again, this is 
consistent with the consumption of entrapped protons during the uptake pro- 
cess, where citrate concentrations below 100 mM result in a collapse of the 
transmembrane pH gradient and inhibition of further drug uptake. The rela- 
tionship between drug uptake and buffer concentration will also depend on 
the vesicle aqueous captured volume and the number of tiiratable groups per 
drug molecule. 

The buffering capacity inside the liposomes also can be mcreased by 
lowering the pH of the intravesicular media. The authors have observed that 
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FIGURE 5. Btto of inici-nal buffering capaclcy on dowrubicin uptake imo EPCicholcsfcrol 
Upoiomcs extruded through 200 nm pOre siie polyca/bonate fillers. Vesicles *cre pnepared in 
ibe presence of ihe isdicaicd cliric acid concentniuons (pH 4.0). Vesicles (15 mM lipid) were 
incubaicd in the presence of doxorubicin (5 mA/) lo( 5 min ai (JO*C after the vesicle external 
medium was adjusxcd to pH 7.8. Trapping efHcicncicS were determined described in the 
Methodology ieciion. (From M»yer, t. D. ci aL, Biochim. Biophys. Acta, 1025, !43, 1990. 
With pcrTni.«;sion.) 

decreasing the pK of ihe citrate buffer below 4.0 results in xhe ability to 
increase ihe amount of doxorubicin that can be accumulaied for a given citrate 
conceniracion. In addition, thepH gradient remaining subsequent to the uptake 
process is increased. However, a drawback to this approach is that further 
decreases in the pH exacerbates lipid stability problems associated with acid 
catalyzed hydrolysis of acyl chains in the phospholipid components. 

D. INFLUENCE OF THE DRUG:Lr?ID RATIO 

Given the relationship between drug uptake and depletion of the entrapped 
proton pool, it may be expected that attempts to encapsulate extremely high 
levels of drug will result in a collapse of the iransraembrane pK gradient and 
reduced drug trapping efficiencies. The maxinaum drug uptake obtainable 
while maintaining a significant postencapsulatjon pH gradient can be deter- 
mined by monitoring trapping efficiency, liposomal drug uptake, and ApH 
as a function of the drugilipid ratio in tlie incubation, mixture. Figure 6 
presents such an analysis for doxorubicin uptake into 175 nm EPCxbolesierol 
(55:45, mol:mol) liposomes. Varying the drugrlipid ratios for vesicles con- 
taining 3C0 mA/ chrare (pH 4.0) between 0.11:1 and 0.36:1 (molimol) has 
no effect on doxorubicin trapping efficiency and values of approximately 
100% arc achieved in this range. Increasing the incubation drug:iipid molar 
ratio above 0.36:1 results in uptake levels as high as 1 .2 mol/mol lipid (Figure 
6B). Tt should be noted that such entrapped drug:Iipid ratios are several-fold 
higher than those obtainable by traditional passive entrapment techniques. 
Trapping efficiencies decrease significantly, however, as the initial drug:lipid 
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FIGURE 6. Slitci of the drug lo lipid ratio on 
doxorubicin tripping sfficiency (A), entrapped drug 
10 lipid Rtio and pos: cncapsalacion pH gra- 
diwii (C). EPC/cholcsicioI 175 nm vesicles (300 
mM ciuic acid. pH 4.0 inside; pH 7.8 outside) 
were iacubuicd (5 rtiM lipid) ai 60*C for 5 min in 
(he presence of doxorubicin m iht indicated drug 
10 lipid ratios. The sunounts of cairapped drug as 
wdl 35 irappins efficiencies were determined as 
described in the Methodology section. Tfansmctii- 
brane pH gradicncs were dcicrmincd subscqueni to 
doxorubicin uptake by monitoring the iransmcm- 
brane dis:riburioo of radiO-«Uvc mcthylamine and 
corrdocing insidc/ouesidc Ciwicentrations to the 
transtncmbranc proion gradient as described in the 
Methodology section. (PromM?.yer. L. D. et al., 
Biociiim. Biophys. Acta, 101^, 143. 1990. Widi 
pennission.) 



ratio is increased above 0.55:1 (mol:moI). The reason for decreased trapping 
efficiencies observed for the high drugilipid ratios can be seen in Figure 6C, 
in which -the transoiembrane pH gradient remaining after encapsulation is 
monitored. Systems exhibiting incubadon drag:lipid ranos belcw 0.36. 1 
(miol:mol) tnainiain pH gradients in excess of 2.0. Drug entrapment does 
deplete the internal proton pool for all systems studied such that ApH values 
are lower than initially imposed. This effect becomes most pronounced for 
initial drug:lipid ratios >0.55:1 (molrmol) where the postencapsulation pH 
gradient falls below 1.5 and corresponding trapping efficiencies decrease 
below 90%. 

E. INFLUENCE OF VESICLE SIZE 

Several repons* ""'* indicate chat decreasing vesicle size may be advan- 
tageous for a wide variety of iherapeutic liposome applications. Studies have 
demonstrated chat small liposomes are able to accumulate in disease sites such 
as tumors and exhibit extended circulation lifetimes,""'^ a property desirable 
for designing slow release drug delivery caaiers. Since decreasing the vesicle 
size will reduce the entrapped buffering capacity of the liposomes due to the 
droinished aqueous captured volume, it is important lo characterize the re- 
jationship between liposome size and drug trapping efficiency as well as pH 
gradient stability. 
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yiCrtJR?^ 7. Pei^«n( doxorubicin tapping efficiency and posiftncupsuUiuon pH gradient for 
EPC/cholistcrol (35:45, moLmoI) vehicles obioincd by cxmislnn chrough 200 (o), 100 (O), 50 
(a), and 30 nm (C) poa size polycarbonate filters. Tlie mean diameters of liwsc systems were 
175, 98. 65, and 35 nm, respectivtly. All vesicles were prepared in [he presence of 300 mM 
ciinitc buffer (pH 4,0). The indicated drug co lipid ratios refleci initia] drug lo lipid raiioi; in the 
incubation mixture (lipid concentration, 5 mA^ ^^crccnt crappint' efficiencies and posicncap» 
sularion pH gradients v"cre determined iis dwoiibed in the Mcihodology scciion. (From Maycr» 
L. D. « al., Biochinu Bicphys, Am, 1025, 1^3, 1990. Wich permission.) 

Figure 7 shows che dependence of doxorubicin ti-apping efficiency and 
residual pH gradieni on vesicle size for £PC:cholesterol (55:45, molimol) 
liposomes as a function of the incubation dmgilipid ratio. The vesicles were 
extruded through 200, iOO, 50, and 30 nm pore size polycarbonate filters, 
resulting in measured mean diameters of 175, 98, 65, and 55 nm, respectively. 
Decreasing the vesicle size from 175 lo 55 nm decreases the doxorubicin 
trapping efficiency from approximately 100 to 669^. A more dramatic dif- 
ference is revealed in the posEcucapsulation pH gradient in which a value of 
2.2 is observed for ihe 175 nm system while vesicles exhibiting a mean 
diameter of < 100 nm retained a pH gradient of <0.5 U. At a drug:Iipid ratio 
of 0.22:1 (moI:mol), trapping efficiencies in excess of 90% are obtained for 
all vesicle systems studied; however, residual pH gradients decrease with 
decreasing liposome si7.e. Decreasing che drug:lipid ratio further to 0.1:1 
(molimol) yields liposomal doxorubicin preparations that display trapping 
efficiencies in excess of 98% and posiencapsulation pH gradients in excess 
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of 2.0 U. For liposomes wiih mean diameters <100 nm, increased trapping 
efficiencies and residual pH gradienis can be achieved by increasing the 
entrapped citrate conceniraiion above 500 tnM (data not shown). 

F. DRUG-SPECIFIC EFFECTS 

The discussions to this point have assumed idcaJ behavior for drug re- 
distribution across biiaycr membranes in response to transmembrane pH gra- 
dients. However, for many drugs (including doxorubicin) the uptake levels 
achieved indicate transnnembrane drug conccntmiion gradients chat are in 
excess of die pH gradient. Although such deviations from ideality are not 
fully understood, two paxameccrs are likely to affeci ihe final uptake ch^ir- 
acceristics of pH gradient-mediated drug entrapment. First, most drugs that 
can be entrapped Inside liposomes in response to pH gradienis have substantial 
lipophilic character. As a result, these agents will display a capacity to as- 
sociate with or paniiion into the lipid bilayer. Due to the rcladvely high 
membrane surface area;aqucous volume ratio of the vesicle interior, it may 
be expected ihac a significant ponion of accumulated drug molecules will 
panition into the membrane. The extent to which this influences pK gradient- 
dependent drug uptake will depend largely on the lipophiJicity of the drug in 
question, the prl of the vesicle interior, and the maximum capacity of the 
membrane for drug insertion. If the membrane-bound drug fracrion is sig- 
nificant relative to the intravesicular soluble drug fraction, total uptake levels 
may be expected to surpass those predicted by the Henderson-Hassclbach 
relationship. Second, many of the systems described here display very high 
entrapped drugtlipid ratios that represent apparent intravesicular drug con- 
centrations above 100 mM. As shown in Table 2, many lipophilic, cationic 
drugs have maximum solubilities far below this concentration.* Consequently, 
it is unlikely that these accumulation levels represent actual drug concentra- 
tions that can be related direcdy lo the tiansmembrane proton concentration 
gradient. The ability of these drugs to form micropreclpitaies or alternate 
phaijes inside liposomes would also increase equilibrium uptake levels since 
the exterior drug concentration would need to be depicted undl fsolubleAH"];^ 
rsolubleAH 'lpyi = [H*)uy[H*Lr Again, the relative imponance of these 
phenomena has not been fully defined , however, such propenies may be 
useful in enhancing drug encapsulation characteristics. 



IV. CONCLUD.ING REMARKS 

The use of transmembrane pH gradients to encapsulate drugs in liposomes 
represents a versatile technique to achieve well-dcfincd formulations for a 
variety of therapeutic agents and liposome types. By monitoring drug en- 
li'apment, drug retention in the liposomes, and the transmembrane pH gradient, 
liposomal forrauladons can be designed to exhibit specific lipid composhions. 



» " 1 I 
■•' •■ I i 




'04 15:41 



9196608963 



PfiGE.18 



42 



Liposome Techtwlo^y 



TABLE 2 
Apparent Maximum Drug Solubility 
in 300 Tt^ OtTZit (pH 5.0) 

Drug Apparent mx 

.cotubility (mM) 





<(J.01 


£pirubicKi 


0.26 


Daufiftrubidn ' 


9jO 


Doxombicin 


0.24 


Vincnsiine 


>55 


Vinblasiinc 


19.1 


Lidoc&ine 


- 2^ 


Dibiicsmc 


>700 


Propranolol 


.126 


Timolol 


135 


Quinidine 


5.83 


Dopamine 


1400 


Imipfaminc 


4.43 


Quinine 


J. 05 


Chloroqulnc 


585 


Quinftcrine 


90 



From tVtaddcn, T. D. ci iil.. Chem. Fhys, Lipids, 
53, 37. 1990. Withpcrmisijion. 

size distributions, and drugilipid ratios while maintaining high trapping ef- 
ficiencies find minlmei drag leakage. Several features of this process are 
parcicularly desirable for pharmaceucical applications. First, the ability to 
encrap virruaMy ]00% of the drug in preformed liposomes enables the for- 
mulation 10 be consdtu ted just prior to use. This alleviates possible stability 
problems rdaied ro drug chemical stability and drug retention in the liposomes 
that are associated wiLh traditional passive enirapement procedures. In ad- 
dition, manufacturing concerns are greatly simplified by the fact that highly 
toxic drugs are not present during liposome manufacturing processes. Second, 
the pH gradient i/nparts excdleni drug retention properties to the liposomal 
systems subsequent to dnig uptake. This property is particularly germane for 
applications in which liposomes are utilized as slow release drug carriers in 
the circulation. Third, since drug uptake is relatively independent of vesicle 
lipid composition, potentially labile lipids can be omitted unless dictated by 
biological response requirements. Fourth, dnigilipid ratios far greater than 
those previously obtainable can be achieved, thus reducing production costs 
associated with lipid components. These propenies suggest that pH ^adicm- 
mediated drug encapsulation will be well 5uitcd for preparing therapeutically 
effective and pharmaceutic ally acceptable liposomal formulations for a wide 
range of drugs. 
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I. INTRODUCTION 

Water balance is a central feature in the adaptation of an animal to its 
environment. Any discussion of water balance requires consideration of the 
movement of water across cells. The swelling or shrinking of a cell when placed 
in a nonisotonic solution is usually taken to indicate that the cell contents are 
enclosed in a semipermeable membrane (88). This cell membrane behaves as a 
selective permeability barrier to the passage of polar solutes and water into and 
out of the cell and is thought to consist to some extent at least of a bimolecular 
lipid leaflet. In practice a quantitative determination of the water permeability 
of a cell membrane is often complicated by the presence of other diffusion 
barriers and by the geometrical complexity of the tissue. The study of water 
transport in artificial lipid membranes, the subject of this review, may help to 
improve our understanding of the problems in the inteipretation of 
measurements on biological membranes. In addition, while bearing some 
Similarities to biological membranes, the artificial system is sufficiently simple 
chemically for there to be some prospect of understanding the mechanisms of 
water transport. Moreover these mechanisms may also apply to the more 
complex biological membranes. 
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( I Two methods have been used to measure the water permeabih'ty of the cell 
membrane. The dif fusional .p ermeability coefficient (P J has been determined by 
measuring the exchange of radioactively labeled water between the cell and its 
surroundings. Alternatively a permeability coefficient (Pf) has been obtained 
. . from the hydraulic conductivity of the membrane, the latter being inferred from 
the net water flux g enerated by a given gradient of an osmotic or, more rarely, a 
hydrostatic pressure. In practice this usually involves measuring the rate of 
change of the volume of a cell when it is immersed in a nonisotonic solution. Both 
diffusional and net flux techniques have been applied most extensively to 
free-living cells such as erythrocytes (51, 97, 120) or eggs (81, 87, 88, 106). Even 
for such simple single-cell systems, there have been difficulties in interpreting 
the results. These revolve around whether the cell membrane really constitutes 
the rate-limiting step in the transport of water and solutes. It has been argued 
that the diffusion of water both within the cytoplasm (34) and in unstirred layers 
outside the cell (32) may pose extra limitations to transport. The unstirred layer 
is a layer of ^static fluid close to the membrane where the concentrations are 
different from those in the bulk solution. Within such layers there is no 
convective mixing and movement takes place solely by diffusion. Whether 
diffusion in these layers limits the rate of movement of a given substance depends 
largely on the membrane's permeability to that substance, as discussed later. 

The presence of unstirred layers can lead to an underestimate in the true 
membrane permeability. This problem is likely to be most serious for 
measurements of the diffusional permeability (see sect, ii) and could lead to a 
difference in the apparent pei-meability determined by the two different 
methods. To a lesser extent, it will also cause the osmotic permeability Pf to be 
underestimated. It has been a consistent finding in experiments on biological 
membranes that P^ was smaller than Pf (72, 97, 106). This was originally inter- 
preted as being due to the fact that water was moving through aqueous channels 
or pores in the membrane (80, 97, 106). Depending on their dimensions, these 
channels could present a different resistance to bulk flow and diffusion, and 
hence the difference in permeabilities was used to try to derive the dimensions of 
the channel (80, 97, 102, 132), The effect of the presence of both aqueous 
channels and unstirred layers on the measured permeability ratio Pf/Pa for 
artificial membranes is discussed later. 

Even if in a given system the measurements of the cell water permeability 
accurately reflect the permeability of the surface membrane, there are still 
difficulties in understanding the mechanism of transport in such a membrane. 
The problem arises from the chemical complexity of a biological membrane and 
the inability to manipulate the composition to any great extent. The lipid bilayer 
is thought to be a fundamental component of biological membranes, but there is a 
mixture of lipids present with different head groups and chain compositions, and 
the pemeability and fluidity of the bilayer may also be modified by membrane 
proteins. The heterogeneity and comple.xity of biological membranes thus 
require the use of a simpler system in order to understand some of the detailed 
mechanisms. The bimolecular lipid leaflet, as a likely component in the biological 
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membrane structure, is such a system and is the only type of artificial membrane 
considered in this review. Water permeabilities have also been measured for 
artificial membranes formed from other substances [e.g., cellophane, cellulose 
acetate. Visking dialysis tubing; (87, 112, 135)), but these are not discussed here. 

Ideally the water permeability of a lipid bilayer should be measured for a 
single pure lipid leaflet extended across a hole in a septum separating two 
semi-infinite compartments. The Montal-Mueller "solventless*' bilayers (93) 
seem at first sight to meet these requirements , but in practice their use for water 
permeability measurements is not technically easy and no work on this system 
has yet been reported. Two other preparations, the optically black lipid film and 
the liposomal or vesicular suspension, are available, however, and each has its 
advantages and disadvantages. These are discussed in detail in sections 11 and ill. 

One of the main findings from studying artificial lipid membranes is that the 
magnitude of the water permeability can vary over nearly two orders of 
magnitude depending on the type of lipid used. In addition the permeability can 
be increased further by the addition of polypeptides that form hydrophilic 
channels through the nonpolar core of the membrane. The conclusions about the 
mechanisms of water transport across lipid membranes are presented in section 
IV, along with the significance of such conclusions for biological membranes. This 
review is not concerned with the detailed results of water permeability 
measurements on biological membranes and for this kind of information the 
reader is referred to other sources (35, 51, 72). 

U. OPTICALLY BLACK LIPID FILMS 



A. Stnicture and Relation to Lipid Bilayer. 

Before presenting the results of water permeability studies on black lipid 
films, it is desirable to say something concerning their structure and relation to 
the kind of lipid leaflet likely to be present in biological membranes. Many 
questions discussed in this section have been covered in more detail in a review 
of black-film techniques (47), 

A "black" lipid film is formed by extending a solution of a lipid in a nonpolar 
solvent across a hole in a suitable support, under an aqueous solution. On 
completion of the drainage process the structure is schematically as illustrated 
in Figure 1. In addition to the planar region of thin membrane in the center of the 
hole, there is a ring of bulk lipid solution, often described as the annulus but 
completely analogous to the Plateau-Gibbs border of an aqueous soap film. By an 
appropriate choice of lipid it is possible to produce a system in which the thin film, 
the annulus, and the aqueous solution are in chemical equilibrium. From 
consideration of such a system it is obvious that since the chemical potentials of 
all components are equal in all phases, there must be some, however little, 
nonpolar solvent in the membrane. Owing to the presence of this solvent, the 
black film is never quite comparable to the lipid leaflet found in biological 



JUN 




JUN. 14. 2004 2:30PM 



Volume 00 



y type of artificial membrane 
lave also been measured for 
s [e.g., cellophane, cellulose 
hese are not discussed here, 
er should be measured for a 
n a septum separating two 

"solventless" bilayers (93) 
n practice their use for water 

and no work on this system 

optically black lipid film and 
s, however, and each has its 
n detail in sections ri and ill. 

lipid membranes is that the 
over nearly two orders of 

dition the permeability can 
;ides that form hydrophilie 
e. The conclusions about th*e 
.nes are presented in section 

biological membranes. This 
Uts of water permeability 
his kind of information the 



ibility studies on black lipid 
air structure and relation to 
ological membranes. Many 
^d in more detail in a review 

ution of a lipid in a nonpolar 
r an aqueous solution. On 
schematically as illustrated 
embrane in the center of the 
'Scribed as the annulus but 
an aqueous soap film. By an 
/stem in which the thin film, 
emical equilibrium. From 
e the chemical potentials of 
be some, however little, 
-esence of this solvent, the 
leaflet found in biological 



OEPT OF MECH EN6 



10.6951— P. 5/28" 



April im 



BiLAYER WATER PERMEABIUTY 



513 



bulk lipid 
jolution 



FIG. i. Cross section through 
black lipid film in aqueous solution; 
an annulus of bulk lipid solution 
connects bilnyer region to PTFE 
support. Dimensions of the bilayer 
are approximaifely those for glyc- 
erol monoolettte^hexadecane films. 



aqueous 
solution 




membraneis. However, as vvill be shown, solvents of more than a certain 
molecular volume are largely excluded from lipid bilayers and may occupy only a 
few percent by volume of the membrane. For systems at equilibrium' the 
presence of the annulus does not necessarily have co be considered when 
discussing the solvent content of the membrane because the latter is determined 
by the concentration (or, strictly, the activity) of the solvent in solution in the 
aqueous phase. Thus, hypothetically at least, a black film of composition 
identical to the equilibrium films under discussion may be formed by placing a 
planar lipid leaflet in an aqueous solution of the solvent such chat, after 
adsorption of the solvent, the concentration is similar to that in the actual 
black-film system. By extension of this line of thought, a biological cell 
membrane, such as a red blood cell ghost, when placed in an appropriately 
concentrated solution of nonpolar solvent, will become effectively a spherical 
black film in which the membrane proteins arc embedded. 

The clearest examples of the equilibrium black films are probably those 
involving monoglycerides and )a-alkanes (7, 46, 115). By contrast most of the 
phospholipid black films described in the literature exhibit characteristics that 
are time dependent in some respect (2S, 46, 58, 147). With sufficient care during 
the experimental procedure, however, it is possible to prepare membranes with 



• Black films. incKic^in^r spherical black films (99). usually have finite tensions, which cause 
ihem to collapse when perturbed beyond »0Tne critical level. Thus the filros are rejQIy in a metaslable 
equilibrium. This dues not, however, affect che discussion of film structure that follows.. 
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reproducible, stable capacitances (46, 58, 115) that respond reversibly to 
compression by electric fields (115). These films can remain for hours without 
significant changes (58) and their structure can thus remain effectively consts nt 
over the time of a water permeability experiment. 

Black-film structure and composition have been determined by various 
techniques, but usually a common line of argument is used that briefly is as 
follows. First, the thickness of the hydrocarbon-chain region of the film is 
estimated; this yields the volume of unit area of the nonpolar part of the leafi it. 
Next, the number of lipid molecules per unit area is determined; from this and an 
approximate knowledge of the molecular volume or density of the lipid chains, 
the volume occupied by the lipid can be calculated. The difference between this 
volume and the total volume of the nonpolar part of the membrane is assumed to 
be occupied by the solvent. 

The thickness of the hydrocarbon-chain region of the film may be obtained 
from electrical capacitance measurements, provided a dielectric constant can pe 
assumed. In fact when alkanes are used as solvents for black-film formation 
there is little scope for error in this assumption (for a detailed discussion see ^7) 
and the thicknesses obtained are probably accurate to within 2-3 A. 

The number of lipid molecules per unit area has been detemined for a f^w 
black films, either from the application of surface thermodynamics (29, 47), or 
the method of mercury-droplet sampling (47, 98). No serious discrepanc 
between these two techniques have emerged, and when ?i-alkanes are used 
solvents the area per molecule for a given lipid is effectively independent of t 
alkane selected (7, 46, 98, 145). The film thickness, on the other hand, is strongly 
dependent on the chain length of the alkane. Tables 1 and 2 show some of the 
structural features of the better characterized black films. Capacity measu]'e- 
ments for the ^'soWentless" membranes^ made by the Montal-Mueller method 
give hydrocarbon-layer thicknesses very close to that obtained from X-ray 
diffraction in the multilamellar liquid crystal (15, 44, 45. 62). This helps to just fy 
the calculation of thicknesses from capacity measurements. It is also physically 
< reasonable that the smaller alkanes should thicken the membranes more than 

the larger ones (which are eventually excluded almost entirely) and that the 
maximum thicknesses found for both the phospholipids and the monoglyceric es 
: are about twice ihe extended chain length of the lipids. A film thicker than tliis 

would have a layer of pure solvent in the middle and hence no obvious means 
achieving stability. 

/' When cholesterol, in addition to phospholipid, is added to the film-formihg 

solution, the final membranes obtained are usually thinner than in the absence of 
cholesterol [though not when hexadecane is used as a solvent (46)]. As shown in 
■ •• Table 2 and in a previous publication (63), the introduction of choleste;-ol 



py 
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" It is doubtful whether these membranes are ever really solventleas, since atiempts to fcrm 
ihem in the complete absence af any solvent or grease, in our experience, fail. Indeed, iheoretwl 
ar£:uments have been advanced that this should be so (146). Nevertheleas the Montal-Mue 
membranee should contain very little solvent. 
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TABLE 1. Structural features of monookin black films 
and "solventless" bilayen 





film blfCtncid 


HydrocArbuA* 




Ares pvr Molecule 




Cfftfeiiy per Unii 




Volume rracuofi 


of MonoaltLin, 


In rr-Alkanc) 


Area, tit'/m* 


A 


cfAJittftsinritm 


AVmolertile 


n-Heptane 


0.389 


47.1 


0.48* 


39 1 




»-Octa.ne 


0.385 - 


47.8 


0.49 


39 






0.386 


4S.i 


0,49* 


39 




H-Dodecane 


0.414 


4&.3 


0.46 


39 




n-Tetmdecane 


0.465 


40.7 


0.40* 


39 




«-Pentadecane 


0.520 


36.6 


0.3S 


39 




n-Hexadeciine 




32.7 


0.26- 


39 J 




None 


0.745 


26.0 


0 







III 



* These values differ sU^jhily tram thoue in Ref. 46 because di/ferent assumptions were mad^ 
concerning molecular volumes. 

.^substantially reduces the thickness of a lecithin/decane black film and, from the 
values tentatively deduced for the areas per molecule (29), it can be concluded 
that a considerable proportion of the decane is probably displaced, giving ar 
almost solveniless film. 

TABLE 2. Structural features of phosphatidylcholine black films 
and "solventless" bilayers 









Hydrocarbon' 












Cmncily Unit 


Lay»r 


Volume Fraciiofi 


Molecule 




Lipid 




An>a, 


Thicknew. 


of .\llc:ifir 


of Lipid, 




Solvent 




A 


\n rUm 


A> 


Ref. 


l,2-Dioleylpho3phatidyI- 














choline 


n-Decanc 


0.S90 


48.3 


0.35 


61 


116 


Egg phosphatidylcholine 


Isooctane 


0.387 


48.2 


0.S7 


61 


44 




n-Decane 


0.387 


4S.6 


0.37* 


61 


44,46 




n-Dodecane 


0.445 


42.7 


0.29* 


61 


44,46 




n-Tetradecaiie 


0,526 


36.6 


0.17- 


61 


44, 46 




n-Hexadecane 


0.603 


82.2 


0.05* 


61 


44,46 




n-Octadecanet 


0.627 


Sl.O 


0,02 


61 


44 


1,2-DioleyI phosphatidyl- 














choline 


None 


0.721 


25.8 


Zero 




15 


EiT^ phosphatidylcholine 


None 


0.76 


25.6 


2ero 




45 


Liquid crystal 


None 




2St 


Zero 


71.7 


131 


Egg phosphatidylcholine 















(9 and 2^ mM, re- 
spectively) 



n-Decane 



0.600 



33.6 



Small 



45 



* These values differ slightly from those of Ref. 46 because different assumptions were made 
concerning molecular volumes. t 33*C. t X ray. 
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Tables 1 and 2 show that the choice of solvent is important when ^vorkirg 
with black films. However, the approach described above gives only indirect y 
I the proportion of solvent in the film and it would be useful to be able to determir e 

^ the solvent content directly. Unfortunately thermodynamic methods fail 

! because they give only surface excess concentrations and, although the techniqi e 

I of mercury-droplet sampling should work in some instances, it gives gross 

"J 4 overestimates in others owing to the tendency of microscopic lenses of solvent I o 

form in the films. These microlenses arise almost certainly because, in 
^ * equilibrium systems, the final stages of drainage of the film involve a 

\] ' . disproportionation that yields the bihyer and a small amount of bulk lip d 

|: ' solution that is temporarily trapped in the film. This bulk solution quickly tak<is 

1 the form of microscopically visible droplets or lenses that drift about in the fil n 

1^ for some time before coalescing with the annulus. The lenses do not usual y 

-J: occupy more than a small percentage of the film area [e.g., their presen<:e 

scarcely affects the capacity per unit ai ea (6, 47, 114)] but they contain a larc^ 
proportion of the solvent and this is picked up by the mercury droplets. Lens 
formation is most prominent in systems where highly water-insoluble soWen :s 
(e.g., n-decane-H-hexadecane) are used. In systems containing the moi'e 
water-soluble and volatile lower homologues (e.g.» n-hexane-n-octane) tl.e 
aqueous-phase concentration of the alkane is usually sufficiently far below tie 
equilibrium value that the excess solvent in the film dissolves out before lensiis 
can form (6. 47, 114). Although lenses are commonly observed, their presence 
(or absence) does not affect the solvent contents given in Tables 1 and 2, whi(h 
are equilibrium values, nor is there any reason to suppose that they .significant 
^ affect the water permeability of a black film. 



JS. Measurement of Water Permeability 

When the black-film system is immersed in an ideal aqueous solution of on 
two components (water and a solute) the fluxes across the membrane aj-e 
given by irreversible thermodynamics as (78) 

J, = c,Lp(l - o-)Ap + [w " c«L,(l - <r)cr]RT^t, (J) 

where J. is the volume flux. J, is the solute flux. is the filtration coefficient^ 
a- Ls the reflection coefficient, R is the gas constant, and T is the temperature; 
Cs is the mean solute concentration, Ac, and Ap are the solute concentraticjn 
and hydrostatic pressure differences, respectively, across the membran 
and 6) is a permeability coefficient for the solute. Thus a volume flilx 
may arise in two different ways, one because of a finite hydrostatic pressu3-e 
dil'ference across the membrane and the other through the asymmetric 
distribution of a solute for which the reflection coefficient is not zero. In practice 
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the maximum hyrlrostatic pressure differences that black films will suppoit 
produce extremely small volume fluxes of water and in all measurements so far 
reported, p was ejffectively zero. Volume fluxes arise therefore almost 
exclusively from osmotic pressure gradients. Isotopic water fluxes ars 
described by E^itaiion 2. Thus iftritiated water is considered to be the solute i i 
normal water, o- - 0, Ap - 0 and Equation 2 reduces to 

Two different techniques are required to measure volume and solute watep 
fluxes, respectively; these are described in separate sections below. Neithe 
measurement is entirely straightforward, because in both instances unstirreil 
layers adjacent to the membrane can have resistances comparable to that of thi \ 
membrane itself. 



1, Osmotic fluxes 

Apparatus suitable for this type of measurement has been described by 
number of authors (25, 42, 47, 56, 67, 74). The bare essentials are to be able t|) 
form a membrane that initially separates two aqueous solutions of simila 
composition and, when the membrane is stable in its ai-ea and thickness, tj> 
change to a known extent the osmotic pressure on one side only. The resulting 
volume flow is measured by closing one of the aqueous compartments so that i : 
contains no air and so that changes in its volume can be backed off by means of a 
micrometer syringe. A suitable apparatus is illustrated in Figure 2, a detailed 
description of which has been given elsewhere (25, 47). Briefly, black films arij 
formed across one end of a piece of polytetrafluoroethylene (PTFE) tubing. A 
Hamilton syringe, coupled to a micrometer drive, is attached to the other end o 
the tubing and creates the required closed compartment of adjustable volume 
The steel needle of the syringe and a stainless steel virire in the outer compart - 
ment may be used as, electrodes to monitor changes in membrane capacity. The; 
whole unit is placed in an air thermostat that can be controlled to about 0,S°C 

The brush or pipette techniques (47, 94, 134) may conveniently be used to 
form the membranes, which may be inspected and have their areas measurec 
with the aid of a low-power microscope. When the membrane has reached a 
steady state the external solution is either exchanged or concentrated by the 
addition of a small volume of solid or highly concentrated impermeable solute 
The resulting volume flux of water causes the membrane to bulge inward oi' 
outward, as may be seen through the microscope. The micrometer is ther, 
adjusted to restore the membrane to its planar state. This operation is carriec 
out at regular intervals and the water flux Jv is determined from a plot of th( 
volume flow against time, examples of which are given in Figure 3, and r 
knowledge of the membrane area. 
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lO^I Hamilron syringe 
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\o capocifance bridge 



thermiifor 



qiasi holder^ ^maqnetrc stirrer 

FIG. 2. Apparatus for measuring osmotic water permeabilities of black films. 

If the hydrostatic pressure difference across the membrane is taken to be 
zero and the solute is assumed impermeable (for purely lipid membranes this wir 
be effectively true for solutes such as inorganic salts, urea, glucose, sucrose), 
i,e., Ap 0, cr = 1, Equation 1 reduces to 

The osmotic water permeability coefficient, normally symbolized as Pf, is de- 
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TIME (min) 



20 



25 



FIG. 3. Volume flow of waccr across black films formed from various lipids in decare: 0, ^gg 
phosphatidylcholine; ^ dioleyl phosphaiidylcholine; o glyceryl monooleate; • Qphin^omyelin/ 
cholesterol Osmotic grradient was 0,3 MNaCl(7' = 2S'C) for all films cxcepc sphingomyelin, where 
it was 0.47 M NaCl (T = 30'*C), Different slopes of plots reflect difTering film areas as well as 
different permeabiliues. [From FeLtiplace (45). J 

fined as^ 

where v^, is the partial molar volume df water^S^aking into account nciyiidealit:^: 
in the aqueous solutions and yx%\ng^quaiw/(S^ Equation i may be rewritten 



* Pt is expressed in this form so that it has the units of a permeabiliiy coefficient. A of 1 
cm s"* U equivalent to a hydraulic conductivity (Lp) of 7,386 x 10"* cm'S"' 'acm-* or to RT of 
ia07 cm^ -s"* osmol-'. both at 25"C. 
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where Csi and Csi are the concentrations of solute on the two sides of th 
membrane and and are the corresponding rational osmotic coefficients 
Obviously if <r < 1 or w > 1 the interpretation of volume flows is mor^ 
complicated. 

In Equation 6 and c^^^ are the solute concentrations at the menibrant 
v/* .surfaces and cannot in general be assumed to be equal to the bulk concentration j 
^.-^X^ in the two compartments. This is because the water that passes through th i 
/ / membrane dilutes the solution it enters and concentrates the solution it leaves. 

/' Solute concentration gradients thus tend to occur, the size and importance o 
/ which depend on their rate of dissipation through backdiffusion of the solute anc 
by the various stirring effects that may be present. If it is assumed that th^i 
solute concentration has its bulk value ^^(6) to within a distance 5 of th(j 
membrane surface, that its value at the membrane surface is c^(m), and that m 
stirring occurs in the boundary layer of thickness 8, then for that side of the 
membrane toward which the water is moving, m) and c,( b) are related by th| 
expression (32) 



(7 




where D, is the diffusion coefficient of the solute. The use of Equation 7 \\\ 
complicated by the fact that the flux /v is related to cSjyC) also througli 
Eqxixxtion^. Using an iterative approach, Hanaiand Haydon (56) concluded thai 
in the black-film systems that they studied a neglect of the effects underlying- 
Equation 7 should give rise to serious errors in the permeability coefficient, [A 
similar conclusion may be reached from the recent analysis of Pedley anc 
Fischbarg (104)]. However, Hanai and Haydon also pointed out that although 
the uncorrected permeability coefficients obtained with different solutes were 
very similar, the application of corrections according to Equation 7 led tc 
permeability coefficients that depended strongly on the nature and concentra 
tion of the osmotically active solute. This finding seemed sufficiently unlikely for 
it to be suggested that, in the osmotic systems, the effects of unstirred layers 
may be largely nullified by natural convection (56). Thus the differences betweer 
the solute concentrations c„(m) and c,(6) would give rise to density gradients 
that would in tum produce convection and mixing of the solution adjacent to th€ 
membrane (56). An approximate theoretical treatment of natural convectior 
during osmotic flow has to some e.xtent confii'med this idea (41). In genera 
therefore error s caused by unstirred layers in osmotic permeability studies or 
lipid bilayers ^m likely to be fairly smalL ^ whether this is so in an> 

particular instance will depend strongly onthe solute used and on the design o 
the measuring chamber, and of course the errors will become more serious the 
more permeable the bilayer. 

2, hotopic exchange diffusion 

The diffusion of tritiated water across black films has been studied by s 
number of authors (25, 42, 67, 74, 141-143). The technical problems involved, 
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aside from the effects of unstirred layers , are rather less serious than for osmotic 
flux measurements. The main requirement is simply that the two aqueous 
. compartments should be completely isolated from each other, but that at the 
same time samples should be obtainable from one or both of them. Other details 
of the technique have been described elsewhere (47). 
Eqiuitmi 3 may be rewritten 



where = cjJiT and and c^i are the concentrations of the isotope on the two 
sides of the membrane.' Unlike the situation in the osmotic flux measurements, 
where density gradients appear largely to nullify the effects of unstirred layers, 
isotope diffusion creates no density fi^radients and unstirred layers pose a serious 
jjroblem. T he evidence for the presence and thickness of the unstirred layers in 
black- film systems came originally from a series of experiments in which water 
fluxes were measured across open holes and holes containing glass meshes (57). 
Subsequently a greai deal more evidence has been accumulated (5, 25, 42, 71, 
141-1413). As a diffusion barrier is in series with the lipid membrane, the 
combined unstirred-l a yer permeabHitv D»,J(fyi -f M must be added recipro-^ 
cally to the membrane permeability Pn- Thus, the apparent permeability of the 
membrane which is obtained from experiment, is given by 

1 1 61 + 82 
P P<. Dh,o 



From the estimates of Si + 62 it becomes clear that, despite maximal stirring of 
the bulk phases, the second tern on the right-hand side of Equation 9 is 
normally comparable 10 the first. Various methods have been used in attempts to 
overcome this problem! The fo'st was based on a suggestion by Ginzburg and 
Katchalsky (53). This approach involves placing in the hole normally occupied by 
the lipid membrane first one and then tvvo layers of identical membrane — the 
thinner varieties of cellophane being usually suitable. The permeability to 
tritiated vvater is measured in each case, yielding two values, P* and P", which 
may be expressed 



and 



P' Pi\ DuiO 

_L ^ A ^ 



(10) 
(II) 



wherePrt is here the permeability of a single layer of cellophane. KnowingP' and 

P" and Dhuo, Equations 10 and 1 1 may be solved for by ^ 5». If it is then assumed 
that the hydrodynamic conditions in the system are independent of whether 
cellophane or black films are present, this value of 6] + ^ may be used to correct 
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the lipid membrane permeabilities (42, 47). Another method utilizes the 
supposition that butanol permeates lipid bilayers so readily that flux 
measurements of this substance, labeled isotopically, yield effectively the 
permeability of the unstirred layers (71). A third approach, that of Andreoli and 
Troutman (5), rests on the assumption that the diffusion coefficient of water in 
the unstirred layers is inversely proportional to the viscofiity of the aqueous 
solutions. When the latter was changed by adding sucrose or dextran a linear 
relationship was found between 1/P (see Bq. 9) and the viscosity and, from the 
slope of the line, 5i 62 was estimated. The results seem reasonable, but it must 
be pointed out that physically S is a very ill-defined quantity and can be given 
numerical values only throucjh expressions such as Equations 7 and 9. Thus 
there are no theoretical reasons to suppose that the effective unstirred-layer 
thickness does not vary with viscosity. 

C. Results for Unmodified Bilayers 

The results obtained with the two different methods (osmotic and isotopic) 
for measuring the water permeability are described separately. The osmotic 
method is dealt with first, and emphasis is placed on the extent to which the 
membrane constituents can influence the permeability. As assayed by tritiated 
water transfer the permeability nearly always requires correction for the 
resistance of the unstirred layers and, without such correction, is less useful for 
indicating the properties of the membrane itself. As discussed in section llA, the 
use of black films suffers from the disadvantage that in all but the simplest cases 
it is diffig-ult to determine the composition of the membrane, particularly when 
lipid mixtures (e.g. , lecithin-cholesterol) are used. Even for membranes formed 
from a single species of lipid dissolved in a nonpolar solvent, the membrane 
interior is a mixture of lipid chains and solvent. The relative proportions of lipid 
and solvent in the membrane differ from that in the film-forming solution and, 
depending on the type of solvent, there can be up to 50% by volume of solvent 
retained in the membrane. The presence of this solvent affects the thickness and 
fluidity of the nonpolar region of the membrane and both properties are likely co 
influence the water permeability. 

i. Osmotic measurements 

The commonest type of black film examined is that formed from egg yolk 
phosphatidylcholine dispersed in an alkane solvent such as n-decane. With 
decane as the solvent, the nonpolar core of the membrane is about 48 A 
thick and 30-40% of its volume consists of decane (see Table 2). The osmotic 
permeability of egg phosphatidylcholine membranes has been measured by 
different people at a variety of temperatures, and in order that a comparison 
may be made the values have all been scaled to 2S'C by use of measured or 
assumed activation energies (Table 3). Permeabilities range from about 20 to 50 
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TABLE 3- Osmotic permeability coefficients for black films 
formed from various lipids 



ttpid 


Mean N'umb^i* 
of Ooublf 

Chain 


(Meanurnl). 


«ure. 

•c 


Pf 

um/t 






Egg phosphatidylcholine* 


0.81 


78,9 


36 


36 ' 










66.8 


36 


40 


(12.7) 


74 






104 


36 


4S 







Egs phosphatidylcholine* 
Egg phosphakidylcholinft* 0.67 
Egg phosphatidylcholine 0.73 
Dipalmitoyl (16:0/16:0) 

phoaphaiidylcholine 0 
Plant phosphatidylcholine 1.7^ 
Eg(t phosphatidylcholine 1.2 
Egg phosphatidylcholine 1.2 
DioJeyl (18:1/18;1) 

phosphatidylcholine 1.0 
Monoolein (IS: I) l.o 
Monoolein C18:l)t i.o 
Monolinolein (18:2)t 2,0 
Egg phosphaudylcholine 
+ cholesterol in film- 
forming solution 
Cholesterol 14 mM 
Cholescerol 22 mM 
Cholesterol 28 mM 

Sphinfifomyelin + 14 mM 
cholesterol in film- 
forming solution 



42 

18.4 
55.3 

51.5 
64.1 
37.4 
36.9 

35.S 
51.2 
50 
73.2 



30.3 
17.2 
14.4 



3.7 



3$ 
20-22 
37 

37 

37 
26 
25 

2C 
25 
25 
25 



19 

25 
24 

181: 
32 
37.4 
36.9 

85.3 



(12.7) 
(12.7) 
12.96 

13.75 
10.76 

10.6 



14.2 




49 
54 

55 



All lipids dispersed in /i-decane exccpi * f-letradecAne/chlorofoiTrv/methajioI and t 
hexaclecane. Egg phosphatidylcholine contains a mi,Murc of chains oL^ifferent lengths and un* 
.<;aturation (mean kn^ih about 18 carbons, mean unsaturation given v» 2nd column). Temperature 
corrections are based on activation energy values in parentheses have been assumed, on 

composition grounds;, to be the value of Price and Thompson (LClv). Mean (egg phosphatidyl- 
choline) = 83.3 Mm/s. i Obtained by correcting Pt at ZTC/o 25'C with the given. 

fxm/s with a mean of 3.3.3 ^m/s (Table 3). Thi§ corresponds to a variation of 
45-112 /xm/s at 3TC, Much of this scatter in Values may have arisen because of 
differences between the various lipid samples used. The kinds of differences that 
could occur include variations in chain j^mposition (egg phosphatidylcholine 
contains a mixture of alkyl chains of difffe-ent lengths and unsaturation) and also 
the presence of contaminating lipids such as sphingomyelin orlysophosphatidyl- 
choline (101, 117). One investigati^m has avoided this problem by use of a pure 
synthetic phosphatidylcholine (4j 

The fraction of solvent retained in the nonpolar interior of the membrane 
can be reduced by use of a long-chain alkane such asn-hexadecane (Tables 1 and 
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2). Membranes formed from monoolein dissolved in either decane or hex*decan(s 
have similar osmotic permeabilities of about SO ^m/s at 25^*0 (Table 3). Thft 
hexadecane membranes retain only about 26% by volume of solvent compare< 
with 49*^0 for the decane membranes (Table 1). The different composition result? ; 
in the hexadccane membranes being thinner (33 A compared with 48 A foi* 
decane). It is difficult to interpret the results with the different solvents becaus* ; 
the substitution may result in several factors changing simultaneously, each o:' 
which could influence the permeability. On the simple idea that water 
permeation is limited by solution and diffusion of the water in the nonpolai- 
interior of the membrane, changes in thickness and fluidity will both influence 
the permeability. Thus, although membranes formed with decane as the solveni ; 
are thicker, they also contain a considerable amount of lower viscosity solvent ir 
which water might more easily dissolve and diffuse. 

If the barrier to the movement of water across lipid bilayers is considered tc 
be the nonpolar interior (this question is examined more closely in sect, iv), 
variations in the lipid that would alter the fluidity and thickness of th^ 
hydrocarbon core might be expected to produce permeability changes. In fact, 
increasing the degree of unsaturajion of the acyl chains of the lipid increases tb 
water permeability (Table 3). ConveTTOly,,hydrogenating the lipid or usin; 
analogues with saturated chains can reducetK^permeability (45, 49, 55). Th^ 
maximum variation observed by altering' the unsaturation is of the order o 
i50%. Increa.sing the length of the chms also decreases the permeability (45). 
Lower permeabilities therefore can be achieved with lipids containing long 
saturated chains (e.g., 22:0j 24:0, and 24:1) such as those occurring in 
sphingomyelin (IS, 45, 129). Possibly membrane fluidity and water-solubilizing 
properties can also be influenced by interactions between the lipid head groups 
and such interactions may therefore affect the water permeability. Graham and 
Lea (54) have shown that the permeability of phosphatidylserine films is a 
function of the pH of the aqueous phase (0.1 M NaCl). Increasing the pH from 
;^.0 to 9,0, which results in a change in the head-group ionization (100), produces 
an increase in the water permeability. 

One common manipulation that alters the water permeability is the 
adfiiti>^j^^jjy^^ggtprrl This has been demonstrated to produce up to a three- to 
fivefold ( Sdu^tS n^ in the permeabilities of membranes formed from phos- 
phatidylcholine (45, 49) and other types of lipid (49). The reduction in 
permeability was graded with the amount of cholesterol added. The major 
difficulty with this kind of manipulation in black films is that the relative 
proportions of phosphatidylcholine, cholesterol, and solvent in the membrane 
are not accurately known under any of the conditions. The addition of increasing 
amounts of cholesterol produces a graded increase in the capacity per unit area 
of phosphatidylcholine/decane films from 0.38 to 0.60 iiF/c:m' (60, lOSV -^(^ 
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measurements on black films usually require good membrane stability, and this 
can often be achieved by addition of small amounts of cholesterol. Consequently 
there are a number of estimates of the permeability of phosphatidylcholine/ 
decane membranes conUining a little cholesterol. The values obtained are all 
about 20-30 Mm/s at 2S'C (67. 107. 108) and are slighUy lower than the mean 
value of 3.3.3 /xm/s for the pure phosphatidylcholine/decane membranes. The 
maximum reduction in the pemeabiUty on addition of cholesterol to 
phosphatidylcholine/decane membranes has been reported to give values of 7 5 
iLials, [36°C (49)] and 14.4 /um/s (25°C (45)]. The first value is rather low, largely 
reflecting an abnormally low permeability for phosphatidylchoUne in the 
absence of cholesterol. Tien and Ping Ting (136) found that films formed from 
oxidized cholesterol or cholesterol films stabilized with a charged surfactant 
such as dodccyl acid phosphate or cetyltrimethylammonium bromide had 
permeabilities of S-9 Mm/s (22..5°C). These permeabilities should be close to 
that for a pure cholesterol membrane, and the addition of phosphatidylcholine 
chains would be expected to increase the permeability. Thus 8-9 ^m/s may 
represent the lower limit to which the permeabiUty of phosphatidylchoUne/ 
decane membranes could be reduced by cholesterol addition. 

The temperature dependence of the water permeability was originally 
studied for the light that it might throw on the possible mechanisms for the 
movement of water across the bilayer (107, 108). When the results were 
expressed in the form of an Arrhenius plot, a linear relationship was obtained 
between In P, and the reciprocal of the absolute temperature (107, 108). On the 
assumption that the permeability coefficient could be expressed in the form 

Pi = Aexp{-EJRT) 

an activation energy (J? J could be determined. The values obtained for £ were 
12.7, 13.1 (107), and 14.6 kcal/mol (108) for phosphatidylcholine/decane films 
contaimng vanous amounts of cholesterol. Even though there is some question 
about the interpretation of these results, since there are changes in film 
composition and cholesterol content with temperature (103), they are largely in 
agreement with subsequent experiments on membranes containing no 
cholesterol (45, 55). In these experiments the activation energy for water 
transport across phosphatidylcholine/decane membranes lay in the range 
10.8-13 kcaymol, the value depending on the type of phosphatidylcholine used 
There was some suggestion from the latter experiments that the more 
unsaturated the lipid, the lower the activation energy (Table 3; 55). 

Since the types of lipid in a membrane can affect its water permeability it is 
of interest to ask whether much lower permeabilities can be achieved by an 
appropriate choice of lipid. Finkelstein and Cass (49) and Hoh and Finkelstein 
(71) have reported permeability coefficients of about Z.Sfim/s by usinga mixture 
of ox bram lipids plus tocopherol and additional cholesterol. The mixture 
contained a number of different glycero- and sphingolipids. Osmotic permeabil- 
ity coefficients of 3-4 /im/s have been reported for membranes formed from 
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sphingomyelin and cholesterol (Table 3; 45), and the use of sphingomyelin als> 
produced low tracer permeabilities (48). The high content of long and saturate :1 
acyl chains in the sphingomyelin might be partly responsible for the low 
permeabilities. In addition there could be substantial head-group interaction i i 
sphingomyelin, occurring by hydrogen bonding between the 3-hydroxy groups 
of the sphingosines (22, 103). This would restrict the chain movement and alter 
the fluidity of the membrane interior and might lower the water diffusio i 
coefficient compared with phosphatidylcholine. The use of other sphingolipid 5 
such as cerebrosides might produce membranes mth an even lower 
permeability. 

2. Isotopic measurements 

There have been a number of measurements of the diffusion of tritiateil 
water across black-lipid films, and for various lipid systems an apparent 
permeability coefficient in the range 1-11 fim/s has been obtained (25, 48, 57, 5S 
74, 143). Most of these measurements have been accompanied by 
de termination of the osmotic permeability coefficient ?f for the same lipid undeir 
similar expenmental conditions and the common finding has been that th<; 
coefficient obtained from isotope diffusion is always smaller than Pf, the rati) 
sometimes being as large as 20 (74). The value obtained for the apparent tracef- 
permeability has also been shown to depend on various experimental condition 
such as the geometry of the cell and the degree of stirring of the aqueous phasfe 
(25, 42, 57) but in some cases to be independent of lipid variations thac have larg i 
effects on the osmotic coefficient Pi (74). From these kinds of experiments anjl 
others described in section the general conclusion has been that the trace 
data do not reflect the true peraeability of the membrane, but rather that of tht 
unstin-ed layers adjacent to the membrane. The tracer permeability is therefor i 
only useful either if an adequate correction can be made for the resistance of tho 
unstirred layers or ii' the membrane permeability is low compared with that of 
the unstirred layers. In those situations where an attempt has been made to 
correct for the unstirred layers, it has been shown that P^ and Pa are equal, tif 
within experimental error (25, 42, 57). 

D, PeiDneability to Nonelectrolytes 

The techniques used for measuring the tritiated water flux across black 
films can also be applied to nonelectrolytes, the permeability being obtained by 
measuring the flux of labeled solute across the film. The kinds of nonelectrolyteij 
whose permeabilities have been measured in this way include urea, glycerol 
erythritol, fomamide, and butyramide (86, -lOS, 143, 148). For all thes<! 
substances the permeabilities are considerably lower than that for water but 
like the water permeability, depend on the lipid composition of the membran(i 
(62, 86). For example^ the permeability coefficient for urea in phosphatidyl 
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choline films is about 4 x ^m/s (20-28X (86, 105, 143)) and 
phosphatidylcholine + cholesterol films is about 6 x 10^ fxm/^ (25*C (48)]. Thes^ 
values are low enough to justify the use of urea as an impermeant solute fo r 
osmotic measurements. 



E. Pore-Containing Membranes 

The ion permeabilities of black films, as indicated by their electric;] 
conductance, can increase enormously on addition of certain polypeptide 
antibiotics (for reviews see 64, 92). One mechanism by which this increase ii 
permeability is thought to occur is by the formation across the membrane of 
hydrophilic channels — small holes a few angstrom units in diameter that cai 
accommodate ions and water molecules. For gramicidin A, which is the best 
example of channel formation, the evidence that pores exist rests largely on th » 
presence of conductance changes that arise from the formation and breakup of 
the single channels (64, 69). The channels are thought to be about 28 A long and 1 
A internal diameter (138). Rosenberg and Finkelstein (120) have measured th^. 
additional water permeability induced in a black film by the presence of th'» 
gramicidin channels and have shown that it is linearly related to the increase 
in ion permeability as reflected by the electrical conductance of the film- They 
obtained an additional Pf of 3,42 /xm/s normalised to a film conductance in 0.01 IV : 
NaCl of 10"- cm--. (The background conductance of an unmodified black film 
is ca. 10-**- 10"^ n-' cm^.) Since the conductance per unit channel is known, it is 
possible to calculate the number of channels per unit area for a given 
conductance and hence determine the water permeability of a single gramicidiii 
channel. From the measurements mentioned above, this value was determinec 
to be 9-58 x 10"*^ cmVs (120). Thus it is clearly possible to have a membrane 
with a large ion permeability through aqueous pores vdthout the watej" 
permeability being altered much. This reflects the fact that, even when in c. 
highly conducting state, a very small fraction {<QA%) of the membrane area is 
occupied by the gramicidin channels. 

In contrast to gi^amicidin, addition of a polyene antibiotic such as nystatin oi 
amphotericin B to black films induces a substantial increase in the permeabilitj 
to water as well as to ions. Nystatin and amphotericin B have been shown tc 
induce an anion selective increase in conductance (4, 26, 50) and also up to a 
20-fold increase in the water permeability of black films containing cholesterol 
(3, 5, 71), with Pf values as large as about 500 /im/s reported for amphotericin B 
(3). For a membrane conductance in 0-1 MNaCloflO"^fl~^cm'^, the normalized 
osmotic permeability P( is found to be 40 ^m/s for nystatin (71) and 18-27 /xm/s 
for amphotericin B (5, 71). It is generally thought that the polyene antibiotics 
also produce aqueous channels in the membrane, and recently the measure- 
ments of single-channel conductances have been reported for amphotericin B 
(40). In 0.1 M NaCl, the single-channel conductance is about 2.5 x 10"^^ Cl-\ 
which is an order of magnitude smaller than for gramicidin. With this 
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conductance per channel the water permeability of a single channel can be 
calculated as 5.6 x 10"'^ cmVs. The polyenes have also been demonstrated to 
increase the permeability of membranes to small polar nonelectrolytes such as 
urea, ethylene glycol, and glycerol (2, 3, 71). The reflection coefficient increased 
with increasing molecular diameter, and molecules larger than glucose 
(radius - 4 A) were essentially impermeant (2, 71). The ^'cutoff " was assumed to 
be caused by the limit imposed by the dimensions of the channel, which is taken 
to have an internal radius of 4-5 A (2. 71). The cxx)SS-sectional area of the 
' polyene channel is thus about a factor of 5 larger than the gramicidm channel, 
and this could largely account for the different single-channel water 
permeabilities for the two types of antibiotic. 

Only a small fraction of the membrane area need consist of aqueous channels 
in order to substantially modify its permeability properties. This point can be 
illustrated by considering a membrane with a high water permeability, due to 
amphotericin, of 500 /xm/s. From the permeability per single channel it can be 
estimated that this would require about 10'^- channels/cm^ and these would 
occupy 0.5% of the membrane area. ^ ^ 

Isotopic water permeabilities have been measured for pore-contammg 
membranes and, despite attempts to correct for unstirred layers, the measured 
permeability was found to be lower than that obtained from the osmotic method. 
For membranes containing polyenes, PffPa was 3,0-3.75 (5, 71); for gramicidin 
P/Pd was 5,3 (120). 

III. LIPOSOMES 



A- Osmotic-Skock Experiments 

At temperatures greater than their phase-transition temperature, 
phospholipids in water form structures that consist essentially of lipid bilayers 
completely surrounding aqueous spaces (9, 11, 24). Usually these structures are 
made up of many layers of bilayer membrane, but their precise shape, size, and 
number of layers depend strongly on the method of preparation. For example, 
with minimal mechanical disruption, relatively large droplets (or particles) 
several microns across and consisting of hundreds of concentric bilayers tend to 
predominate, whereas it is possible to produce by exposure to ultrasonic 
radiation a dispersion of very small vesicles some 200-500 A in diameter and 
with only one or two layers of membrane (73). Regardless of their structural 
details, the liposomes or vesicles all embody closed shells of lipid bilayer 
surrounding aqueous compartments and, because the bilayers are poorly 
permeable to solutes such as inorganic electrolytes, sucrose, and other highly 
polar molecules and are relatively.permeable to water, they tend to shrink or 
swell when the osmolarity of the external solution is changed. This phenomenon 
is the basis of one of the methods used to measure the water permeability of the 
lipid bilayer. Another method; developed more recently, involves the application 



April 

ofnui 
Singh 
oppof 

signif 
Thisi 
lipid, 
elect! 
propc, 
electi 
(10). 
there 
betuf 
chanu 
of 4k 
varioi 
T 

the e.N 
theori 
byiht 
relan- 
permt 
suspe 
specti 
invest 
Whet! 
rapid! 
obtair 
stopp. 
readii 
suspe: 
T 

a rati 
liposo 
that 1 
Dowb 
vesicl 
forme 
the ac 
obser 
More* 
exten- 
assun: 
theot 
radiot; 




JUN 14 '04 15:52 



9196608963 



PAGE. 41 



DEPT OF MECH ENG 



NOJ951 P. 21/28 



Ajiril mo BILAYER WATER PfiRMEABILITV 529 

of nuclear magnetic resonance (NMR) spectroscopy to suspensions of the small 
single-walled vesicles. This method measures exchange diffusional fluxes, as 
opposed to the net fluxes produced in the swelling or shrinking approach, 

A pure phosphatidylcholine liposome that has many lamellae and no 
significant hole in the middle contains little or no osmotically active solution (10). 
This is because the leaflet separation is small. If, however, a negatively charged 
lipid, such as phosphatidic acid, is added to the phosphatidylcholine, an 
electrostatic repulsion between the leaflets arises, with a range that is inversely 
proportional to the square root of the electrolyte concentration (10). Thus at low 
electrolyte concentration the leaflet separation tends to be high and vice versa 
(10). Liposomes made with charged lipids in low electrolyte concentrations 
therefore contain relatively large volumes of osmotically active solution 
between their leaflets and can usually be made to shrink or swell by appropriate 
chan^^cs in the osmolarity of the suspending medium. Figure 4 shows the effect 
of 4% phosphatidic acid on the volume of phosphatidylcholine liposomes in 
various concentracions of potassium chloride. 

The shrinking or swelling produced by a sudden change in the osmolarity of 
the external medium may be followed by turbidity measurement. A satisfactory 
theoretical relationship between the optical extinction and the volume occupied 
by the phospholipid in a suspension is not available, but the two quantities can be 
related empirically by using a suitable calibration procedure (10, 111). The 
permeation of water into or out of the liposomes is fairly rapid and the liposomal 
suspension and the diluting solution have to be mixed quickly in a 
spectrophotometer cell. In fact stopped-flow methods are desirable to 
investigate the full range of permeabilities that can be encountered (16, 110). 
Whether swelling or shrinking occui-s, the internal osmolarity wilj change 
rapidly, and obviously, unless the water flux at the instant of mixing can be 
obtained, inaccurate values of the permeability are likely to result. With a 
stopped-flow technique, mixini^- may be accomplished and spectrophotometer 
readings commenced 100-200 ms after the initial contact of the liposome 
suspension and the solution (16). 

The interpretation of the initial shrinking or swelling rates requires ideally 
a rather precise knowledge of how the structure and permeability of the 
liposomes vary us their volume changes. For shrinkage it is generally assumed 
that both the pemeabiiity and effective area remain constant. Reeves and 
Dowben (109) found from microscopic examination of one- to three-layered 
vesicles after osmotic shrinkai^e chat extruded filaments or spherules had 
formed but that these remained attached to the vesicles. Although the manner of 
the attachment was not described and probably could not be discerned, these 
observations lend considerable support to the assumption of constant area. 
Moreover there is at present no evidence that lipid bilayers are appreciably 
extensible or compressible in directions parallel to the leaflet, so that the 
assumption of constant permeability is also probably reasonable. For swelling, on 
the other hand, the situation is less clear. The immersion of liposomes containing 
radioactive ions or molecules in hypotonic media has been reported to cause a 
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loss of isotope from the structures that is well in excess of the loss that occurs in 
hypertonic media (10, 110). However, since many of the structures commonly 
present in a lipid suspension are not necessarily spherical, some swelling in sc me 
liposomes might be expected without rupture and release of che contents 
Clearly, as soon as a significant proportion of the liposomal material ha5 b^en 
ruptured the preparation will not yield reliable permeability data and no doiabt 
for this reason most investigators have concentrated on the shrinkfige 
experiment. 

Effectively all the permeability results obtained on systems of the tirpe 
discussed above are comparative rather than absolute, if only because the 
surface area of the lipid was not determined. Bangham et al. (10) did determine 
the surface area of their liposomes, but the interpretation of their data is still 
complicated by uncertainty about the number of bilayers involved. This latter 
difficulty may account for the unusually low value of 0.8 /um/s at 20°C tliey 
obtained for egg phosphatidylcholine containing 4% phosphatidic and. 
However, the fact that this result was obtained from a swelling as opposed ' ;o a 
shrinkage experiment may also be relevant. Although the surface area was not 
reliably known for the liposomes that were shrunk, these experiments yiel led 
the more likely permeability of about 16 ^xm/s (Table 4). Some initial shrinking 
rates (strictly speaking, initial absorbance changes) of liposomes of different 
lipid composition have been determined (16, 76) and these values may ref ect 
quite accurately the relative water permeabilities of these systems. It does not 
seem wholly clear, however, that the initial absorbance changes might not vary 
somewhat from one lipid preparation to another simply because particle s ze, 
shape, or structure varies. In other investigations, activation energies for witer 
permeation have been calculated for different lipid preparations from the 
temperature dependence of the initial absorbance changes. Again it is not 
entirely clear whether, at different temperatures, some variation in the rati of 
the initial absorbance change might not occur even if the permeability of the 
bilayers remained constant. 
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The most thorough examination of the absolute water pemeability of lipid 
vesicles, by the osmouc technique, has been done by Reeves and Dowben (110). 
An important difference between this study and those discussed above was the 
nature of the lipid preparation, which consisted of roughly spherical vesicles of 
approximately 1 cliameter and wall thicknesses of only a few (ca. 1-3) 
bilayers. The preparation and characterization of these vesicles are described in 
an earlier paper (109). No acidic or otherwise net charge lipid was added to the 
e,^.? phosphatidylcholine used and the large aqueous volume inside the vesicles 
was assumed to consist of the 0. 2 M sucrose solution in which the dispersion was 
prepared. A theoretical expression for the turbidity of homogeneous spheres (79, 
IZd) was applied to the vesicle suspension and was found to account tolerably 
well for variations in the turbidity with vesicle concentration, refractive index 
change, and wavelength of the light used. The vesicle suspensions were mixed in 
a stopped-flow apparatus with hypertonic solutions and the resulting shrinkage 
was followed in the usual way by measuring optical extinction. Shrinkage was 
assumed to proceed until the osmolarities of the inner and outer solutions were 
equal. The time courses of the observed extinction changes were compared with 
curves predicted from theory (see Fig. 5) and from calibration experiments, and 
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no. .5. Expenmental mc\ thGoretical optical-density changes during shrinkage of 
pho8p>iatidylcholine vesicles. Permeability coefficient of 68.5 ^m/s {T = SrC) was chosen so thac 
cheoreiical curve {solid line) and experimental curve {circhs) would coincide at half time. [From 
Reeves and Dowben (UO).] 
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the permeability coefficients were calculated. The results are shown in Table 4. 
The uncertainties in the data are discussed by the authors. They point out that 
light scattered at low angles from the vesicles may have reached the 
photomultipher and that, if so, the permeability coefficient could have been 
overestimated. On the other hand, the permeabilities shown were calculated 
assuming single- walled vesicles, whereas there was Evidence that some vesicles 
had more than one layer. This error could lead to an underestimate of the 
permeability. Stagnant water layers were also considered but, as pointed out in 
section iiB, it is unlikely that errors arising in this way would be significant. It is 
concluded that the major sources of error act in opposite directions but to 
extents chat are not easy to estimate. 

B. Spectroscopic Techniques 

The use of NMR spectroscopy to determine the water permeability of lipid 
vesicles rests principally on the fact that lipid bilayers are very impermeable to 
inorganic ions. Thus if the paramagnetic ion Mn^"*", which greatly reduces the 
relaxation times of >H and *^0, is placed either inside or outside the vesicles, it 
enables the water molecules in the two regions to be distinguished from each 
other. Since, however, the water may exchange relatively freely across the 
vesicle membrane, the observed relaxation times are a function of the mean 
residence time of the water molecules in the vesicles and this in turn is a function 
of the vesicle radius and permeability, Andrasko and Fors^n (1) examined the *H 
relaxations in systems in which 43 mM or more Mn** was trapped inside the 
vesicles. As the authoi-s point out, such a high concentration of divalent ions is 
not wholly desirable, since it may affect the bilayer water permeability. Haran 
and Shporer (61) made use of the greater sensitivity of ^^0 to Mn*+ and were 
able to work with 5 mM solutions. Thus, for a vesicle suspension in which the 
continuous aqueous phase contains MnClj and therefore yields the short 
relaxation times, Hai"an and Shporer give the mean lifetime (r) of the water 
molecules within the vesicles as 



(13) 



where yT» is the modified relaxation rate of the water within the vesicle (i.e., 
the longest component of the ^^0 transverse relaxation rate) as a result of the 
exchange with the external solution, l/STjo is the relaxation rate of water in 

the presence of the Mn-'^, l/T^^ is the relaxation rate of pure water, Pi is 
the fraction of water within the vesicles, and P^ is the fraction of water in the 
external solution. In the suspensions examined, « P^ and lITzi « l/T^io so 
that 



1/t s - i/ra, 
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If the volume V and surface area A of the vesicles is known, then the water 
permeability coefficient P,i is given by 



P, = (WAXl/r) 
and if the vesicles are spherical, by 

Pa « r/3T 



U5) 



(16) 



where r is the vesicle radius. Note that it is the equilibrium or exchange- 
diffusion coefficient that is obtained from this technique. Vesicle characteriza- 
tion in this investigation was by electron microscopy and by the addition of 
PrCla, which produces an upfield shift in the NMR signal of the choline group of 
the phospholipids. This allowed estimation of the proportions of external and 
internal surface in the preparation, thus providing- further evidence as to how 
many of the vesicles were single walled. Permeabilities and activation energies 
determined by Andrasko and Forsen and by Haran and Shporer are given in 
Table 4. 



C. Results 

The few absolute values for bilayer water permeability determined for 
liposomal or vesicular preparations are shown in Table 4. The permeabilities 
have been given both at the temperature of the experiment and for 25*0 by the 
use of an activation energy from another source, if necessary. Comparisons 
within this set of data are not easy because, with one exception, different lipids 
have been used in each instiince. In addition the first value should probably be 
discounted since the number of lipid layers involved is not known and could be 
quite large. The second and fifth values are remarkably similar to several of the 
black-film results (Table 3) and suggest that the presence of cholesterol 
substantially reduces the water permeability, a conclusion further confirmed by 
comparative studies described below. The third and fourth values are for 
dipalmitoyl phosphatidylcholine above and below its phase-transition tempera- 
ture (Tf = 4rC). Even after normalizing the results to 25''C, the permeability 
for the (hypothetically) fluid leaiflet is significantly larger than that for the leaflet 
in the gel state, as might have been expected, although, as will be seen, othei 
approaches suggest that this difference should be greater. Also the absolute 
value of the permeability for dipalmitoyl phosphatidylcholine for T > Tc is lower 
in relation to the egg phosphatidylcholine value than is indicated by other 
(comparative) data, and both inconsistencies might be a consequence of the facl[ 
that appreciable concentrations of Mn^"^ were present in the vesicles. 

Determinations of activation energy and nonabsolute permeability meas 
urements (such as initial shrinking rates) are more plentiful. From th< 
comparison of initial shrinking rates for a wide range of systems Bittman anc 
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Blau (16) reached a number of interesting conclusions. For dipalmitoyl 
phosphatidylcholine the water permeability appears to increase by more than 
20-fold between 38**C and 45*'C. i.e., as it passes through its phase-transition 
temperature. If the activation energy for this system is taken to be that 
determined by Blok et al. (17), the A&'C value can be converted to the value thit 
the liquid crystalline leaflet would have at SS^'C were it not to revert to the gel 
phase. This suggests that the phase transition alone increases the permeabili:y 
by about I?-fold at this temperature. Again, the calculated hypothetical 
permeability of the liquid crystalline leaflet at 25'C is only about one-third that 
egg phosphatidylcholine at this temperature. It is not surprising therefore th it 
Bittman and Blau find that on adding dipalmitoyl phosphatidylcholine to dioleo y\ 
phosphatidylcholine at 2!3°C there is a marked reduction in the wat(jr 
permeability, which is attributed to the decrease in the concentration of double 
bonds in the membrane— a conclusion that has also been reached from black-fil n 
experiments (sect, ii). 

The large changes in water permeability that occur at the gel-liqu d 
crystalline phase transition of a lipid have received considerable attention fro n 
Blok et al, (17). The increase in the initial shrinkage rate for dipalmito/l 
phosphatidylcholine between about d&'C and 42T was similar to that 2^eport€ d 
by Bittman and Blau (16), but Blok et al. (17) also shovv that there is a lar^e 
discontinuity in the activation energy in the region of the ti*ansiticn 
temperature. Above r,., activation energies of 7-11 kcal/mo! were found, <,s 
opposed to values of 20-28 kcal/mol below 7^. (Table 4). This latter value s 
considerably larger than that calculated by Andrasko and Forsen (1) from the r 
exchange-difHision data for ostensibly the same system. Since for egg 
phosphatidylcholine -i- cholesterol (a system essentially above any phase 
transition) the activation energies for exchange diffusion and osmotic shrinkage 
are very similar (Table 4), the question arises as to whether for lipids in the g(sl 
state the two methods measure the same quantity. 

The addition of cholesterol to egg phosphatidylcholine liposomes was show a 
by Bittman and Blau (16) and by .Jain et al. (76) to produce a roughly threefol:! 
reduction in the initial shrinkage rate at 1:1 mol ratios. This is qualitatively 
similar to the results of black-film experiments (sect. li). Modifying cholesterol 
at the 3 position co give 3-hydroxycholestene and 3-thiocholestene reduced the 
potency of small proportions of the steroid, but at the 1:1 mol ratio ths 
differences from cholesterol were small. The influence of cholesterol on the 
activation energj* for water permeation in a variety of lipid preparations an 1 
especially the relative effects it has above and below the phospholipid phass 
transitions have been studied by Blok et al. (18). When added in about 30% (mo / 
mol), or more, to either dimyristoyl or dipalmitoyl phosphatidylcholine, choestercl 
abolished the abrupt changes in water permeability and activation energy for 
permeation, which normally occur at the transition temperature. Above thi 
phase-transition temperature, cholesterol produced a substantial increase in th * 
activation energies for the above-mentioned lipids (Table 4). This effect was ii 
contrast to the change in the activation energy on addition of cholesterol to egjr 
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or dioleoyl phosphatidylcholine, where the increases were much smaller (Table 
4) Below the phase-transition temperature, the addition of cholesterol to 
dipalmitoyl phosphatidylcholine had very little effect on the activation energy. 

IV. DISCUSSION 

A. Comparison Between Black-FUm and Liposorru Resvits 

The chief advantage of the use of black-lipid films for water permeability 
measurements is that they have accurately known areas and hence precisely 
calculable permeabilities. The chief disadvantages are that their hpid 
composition is restricted by the requirement that they form stable membranes; 
that the amounts of the various lipids present in multicomponent membranes is 
not easy to estimate; and that of necessity they contain some, though possibly 
small, amounts of solvent. All these disadvantages may be overcome, at least in 
principle, by the use of liposomes or vesicles. These, however, have the 
disadvantages that in osmotic experiments there are complex geometrical 
changes that are not properly understood, that volume changes have to be 
studied by essentially empirical optical methods, and that uncertainty in the 
number of layers of leaflet involved precludes the calculation of accurate 
permeabilities. Spectroscopic experiments on small single-layered vesicles 
appear to suffer only from the uncertainty in the area of vesicle surface under 
examination, but then these methods measure only the equilibrium or 
exchange-diffusion coefficient P.,, not the coefficient of net flux P,. 

Despite the lack of an ideal experimental system, there is considerable 
agi-eement among the results obtained from the different preparations and 
different techniques. As shown in Table 3. the water permeabilities of monoolein 
membranes formed with decane and with he.xadecane are very close. This might 
originate from the possibly lower viscosity of the decane film being offset by the 
greater thickness. For present purposes, it is assumed that this argument can be 
extended to the case of zero solvent content, thus allowing a direct comparison 
between the black-film and liposome results. This procedure should be regarded 
warily, however, because the exclusion of the last vestiges of solventmay have a 
disproportionate effect on the permeability, as discussed later. 

With these reservations in mind, the mean permeability of 33.3 ^m/s 
{T = 25°C) for egg phosphatidylcholine black films is in reasonable agreement 
with the values of 40.6-48.9 fimis obtained by Reeves and Dowben (110) for egg 
phosphatidylcholine liposomes. The activation energy for water transport is 
slightly lower for egg phosphatidylcholine liposomes [8.25 kcal/mol (110), 10.6 
kcal/mol (18)] than for black films [10.8 kcal/mol (45), 12.96 kcal/mol (55)). A 
reduction of the permeability of egg phosphatidylcholine by incorporation of 
cholesterol has been observed in both types of bilayer preparation, each giving a 
limiting permeability at high cholesterol content of the order of 10 ^m/s at ZS'C 
(45, 61). The two systems may not be strictly comparable, however, since 
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interactions between the phospholipid and cholesterol molecules that occur in 
the liposomes could be affected by solvent in the black films. 

There is also qualitative agreement between the results for the two systems 
on the effects of varying the unsaturation of the alkyl chains. On the other hand, 
there are quantitative differences for the permeabilities of saturated lipids. 
Thus measurements on hposomes formed from dipalmitoyl phosphatidylcholine 
suggest that there is a big drop in permeability on taking the temperature below 
the phase transition, which is at 4rC (1), whereas the permeability measured 
for black films formed from dipalmitoyl phosphatidylcholine at ZTC is not 
particularly low (55). This discrepancy may be due to the solvent in the black 
film, which may lower the transition temperature by more than 4^0 (see, e.g., 
77). Alternatively, there could be patches of the black film containing 
phospholipid in the gel state and patches of liquid chains and solvent. Thus, 
besides altering the transition temperature of the lipid, the hydrocarbon solvent 
could also be instrumental in producing a permeability in parallel with that of the 
alkyl chains of the lipid. If the lipid itself had a very low permeability, the 
permeability of the black film could then be greatly affected by the solvent. 
These kinds of argument also apply to measurements on other impermeable 
bilayers. Thus, for example, the permeability of the bilayers formed from 
sphingomyelin may be overestimated on the basis of the black-film results, since 
the transition temperature for bovine brain sphingomyelin is in the region of 
20-45''C (13, 129). Nevertheless, apart from these reservations over the 
measurements on impermeable bilayers, there is reasonable agreement 
between the liposome and black-film results, 

S. Mechanisms of Wdtisr Transport 

As yet there is no conclusive evidence for the mechanism by which water 
crosses lipid or lipid + hydrocarbon bilayers. The following discussion is 
therefore necessarily speculative and inconclusive. 

At the outset it is convenient to divide the existing possibilities into two 
types: those that assume water is aggregated in the bilayer such that it forms 
more or less continuous files stretching from one aqueous phase to the other (74), 
and those that assume the water is completely dispersed, as in dilute 
solution (56). 

It is assumed that files might occur at dislocations or discontinuities in the 
lipid and that the permeabilities of these regions would be very much higher 
than other regions of the bilayer. There is no direct evidence for the existence of 
such files and the following, admittedly rather weak, arguments are not in their 
favor. If the total amount of water per unit area of the membrane is assumed to 
be similar to that in bulk hydrocarbon of similar chain length to that of the lipid 
molecules^ and all of this water were in the form of files one molecule in width, 
then there would be about 10" files or pores/cm-. Furthermore, if the water 
molecules in these pores were able to rotate and exchange protons with their 
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neighbors as they do in bulk, it seems likely that the electrical resistance of the 
bilayers would be several orders of magnitude less than the observed 
value--which corresponds roughly with that expected for wet bulk 
hydrocarbon. Another argument against the existence of pores is the high 
activation energy observed for water transport. If the diffusion of water in the 
pores were as in bulk solution, the activation energy would be 4.6 kcal/mol (144) 
rather than the values of 8-15 kcal/mol given in Tables 3 and 4. Finally it is 
pertinent that the permeability for diffusional exchange of water (P„) seems to 
be similar, if not equal, to the permeability for net movement (Pt), This implies 
that there is no significant interaction between water molecules crossing the 
membrane (65, 66) and hence that there is in general no more than one molecule 
at a time in the pores. This clearly does not support the type of filing mechanism 
discussed above. 

In the second type of mechanism the membrane is assumed to be a 
homogeneous layer in which water dissolves and moves across by diffusion. 
There are two possible rate-limiting steps in this process: 1 ) the transport in the 
interfacial region between the membrane and the aqueous solution and 2) 
diffusion in the nonpolar interior of the membrane. If the diffusion and 
concentration of the water within the bilayer are uniform, and the diffusion is 
isotropic, P may be described by the following equation (149) 

IIP = {h/KD) [2)JD,J (17) 

where K is the partition coefficient, D is the diffusion coefficient of water within 
the membrane interior, h is the thickness of the interior, x is the width of each 
interfacial region containing the polar head groups of the lipids, and D^rr^ is the 
diffusion coefficient across this interfacial region from the aqueous solution to 
the membrane. The first and second terms on the right-hand side o{ Equation 17 
are the diffusional resistances of the membrane interior and the interfacial 
regions, respectively. Strictly, to account for the inhgmogeneity of the interior 
of the membrane, the first tern should be replaced by ihe integral (33) 

dx _ 
K{x)D(x) 

where x is distance across the bilayer. 

There is no simple way to decide which of the two resistance terms is the 
must important in limiting the permeability. The observation that the water 
permeability of black films can be altered by varying the chain composition but 
keeping the head gi'oup the same (45, 55) is consistent with the idea that the 
interior constitutes the main barrier to movement. This argument is 
strengthened for the monoglycerides, where it is known that the area per 
glycerol head group does not change detectably as the chain length or 
unsaturation is altered (45) and, at least for the change in chain length, there are 
no major changes in solvent content or composition of the films (46). 
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Dix et al. (36) have recently concluded that the movement of certain small 
nonclectrolytes across the bilayer is dominated by the interfacial resistance, 
They used electron spin resonance (ESR) spectroscopy to measure ihn 
mobilities and panition coefficients of various nitroxide solutes in phosphatidyl- 
choline liposomes. The nitroxide molecules are larger than water, however, and 
are to some extent amphiphilic. Both factors could result in the nitroxide solutei 
spending a relatively long time in the interface. It is not obvious that the sam<j 
conclusions would be reached for water molecules. 

Although there is no definitive evidence available at present that clearly 
establishes where the rate-limiting step in water transport is located, it l\ 
assumed for the purpose of the analysis given in the next section that thu 
nonpolar interior is limiting. This is done partly because the circumstantia 
evidence favors this mechanism and partly because it is at least possible t< 
estimate theoretically what the permeability might be, based on a knowledge o ' 
diffusion and partition coefficients of water in liquid hydrocarbons. Thi 
properties of the interfacial region are more difficult to model. Conceivably the 
resistances of both regions make a contribution toward the permeability. If thi< 
were the case, hovveyer, it might be expected that the Arrhenius plot of In f 
against 1/T would not be linear; i. e. , there would not be a single activation energ> 
for water permeation (107). 

C. Predictions Based on Solubiliti/ and Diffusion Mechanism 

If it is assumed that the water crosses the bilayer by solution and diffiisior 
in the nonpolar interior, and it is also assumed that the rate at which water 
traverses the interfacial region is fast compared with this process, only the first 
term m Equation 17 need be considered, and this can be written as follows (56) 



where D and Z,,. are the diffusion coefficient and mole fraction of water in the 
nonpolar interior, of thickness A. V'w is the partial molar volume of water and 
is the partial molar volume of hydrocarbon in the membrane. No values are yel 
available for the diffusion and pajtition coefficients of water in the membrane, 
but they are available for long-chain saturated hydrocarbons up to hexadecane. 
For the purpose of this analysis therefore, it is also assumed that the membrane 
interior can be treated like a layer of bulk liquid hydrocarbon, and the bulk 
values are used for D , X^, and V'n- The theoretical permeability properties of a 
bulk layer of liquid hexadecane 30 A in thickness are given in Table 5. These have 
been calculated on th€ basis of Equation 18, with the two sets of values for the 
different water solubilities as determined by Schatzberg (123, 124) and Englin et 
al. (39). For comparison the measured water permeabilities are given for 
liposomes and black films formed from dipalmitoyl phosphatidylcholine (above 
its transition temperature) and also for monoolein/hexadecane black films. For all 
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TABLE 5. Comparison of theoretical and experimentaC permeabilities 





Ptrmeiihilay, /*m/H 












Kef. 


Laver of \io\x\d hexadecane 
30 A thick* 


99 
58 


404 
190 


13.3 
11.3 


39 
123. 124 


Dipalmiioyl phosphaudyl- 
choline lipoeames 




18 




1 


Monoolein/hcxadeoane 
black films 


50 




14.2 


45 


Dipalmicoyl phosphaiidyl- 
choline/decane black Alms 




55t 


13-75 


5j5 



Theoretical permeabilities were calculated from Equation IH.D was taken 3$ diffusion co- 
efficient of vi-ater in liquid n-hexadecane 14.16 x ID""* cm-Zs at 25*C and 5.W x lO"' cmVs at 
*5*C (124)1; wau taken »s molsir vnlumH of hexadccane {294 cm^). * The 2 rets of values 
refer to diffyrencfis \n measured partition coefficients between water and n-hi?xadocane. ♦ Value 
exirapoUced with che given £a *nd the measured permeability at SrC. 

the examples, the theoretical permeabilities are higher than the measured ones, 
and this seems to be consistent with the hydrocarbon chains in the lipid biiayer 
being more restricted in their motion than in liquid hexadecane, thus lowering 
the diffusion coefficient of water in the membrane. Although the theoretical and 
measured permeabilities agree best for monoolein, the discrepancy here might 
be larger if the diffusion and solubility values for the corresponding unsaturated 
hydrocarbon, cis-9-heptadecene. were available. Finkelstein and Cass (49) 
found that the water solubility in l-hexadecene was about 15% higher than in the 
saturated hydrocarbon. 

The water permeability of a lipid biiayer has also been calculated for a 
solution and diffusion mechanism by Trouble (137). He proposed that water crossed 
by transient holes or pockets of free volume that were due to the thermal motion of 
the hydrocaibon chains. The diffusion coefficient of the holes was calculated to 
be about 10"'" cmVs, and thus the theoretical water pemeability was smaller 
than those in Table 0. Although it seems probable that \vater is accommodated 
within the biiayer through the presence of kinks in the chains, Trauble's picture 
of water "hitchhiking" across the membrane in the kinks seems less likely to be 
correct. Thus, it is not known to what extent kinks actually cross the membrane 
nor is it known whether water molecules may hop from one kink to another. 
Certainly the interior of a biiayer above its phase transition is now known to be 
much more disordered than in the illustration in Trauble's paper. 

A number of investigators (107, 108. 110) pointed out that the observed 
value for the activation energy for water permeation {E^) is consistent with the 
mechanism' in which water crosses by dissolving and diffusing in the nonpolar 
core. On thi$ mechanism ff^ should be equal to the sum of the activation energy 
for water diffusion and the enthalpy of the partition coefficient of water between 
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the aqueous phase and the membrane interior. Values of these parameters are 
available for liquid n-hexadecane, and from them can be calculated to be 11.3 
kcal/mol with the results of Schatzberg (123, 124) and 13.3 kcal/mol with the 
results of Englin et al. (39). These are in reasonable agreement with the 
experimentally determined activation energies (see Tables 3 and 5). The 
enthalpy of solution is reduced by hydrocarbon unsaturation, and this would be 
consistent with the coiTelation of and lipid unsaturation (see Table 3). 

On the basis of the solubility and diffusion model, the water permeability 
might be expected to be susceptible to the length and unsaturation of the 
lipid chains. Englin et al (39) showed that the solubility of water in bulk 
hydrocarbon was increased by unsaturation, but was only weakly dependent 
on the length of the hydrocarbon molecule. No comparable data are available for the 
diffusion coefficient. Empirical approaches to water diffusion in organic solvents 
have represented the diffiision coefficient as being inversely proportional to the 
viscosity of the solvent (56). which for long-chain hydrocarbons increases 
markedly with chain length at room temperature (121). 

D. Environment of Lipid Chains and "Bulk Hydrocarbon" Assumption 

Both for the above theoretical analysis of the water permeability of lipid 
bilayers and for the interpretation of capacity data and the compositions of black 
films, it has been assumed that the nonpolar core of the membrane has the 
properties of bulk lipid hydrocarbon. The properties of particular interest are 
the density, the water solubility (both of which are reflected to some extent in 
the dielectric constant), and the fluidity. 

No precise measurements appear to have been made on the partial molar 
volumes of methylene groups in lipid bilayers. Comparable information is, 
however, available for suifactant micelles (30). Here it was found that the mean 
volume per CHg was about 3% larger than in bulk liquid hydrocarbons. The 
micelles in question were globular and the constraints on chain packing were there- 
fore probably more severe than in planar bilayers. Therefore the hydrocarbon 
density in phospholipid bilayers probably is very close to bulk values. 

The amount of water in a bilayer, and its distribution, is obviously 
important for the understanding of the water permeability. Suggestions have 
occasionally been made that more water may be present than that expected from 
its soIubDity in bulk hydi'ocarbons. The evidence for this is not very strong, 
however. For instance it could be argued, on the basis of the results for 
surfactant micelles mentioned earlier, that the partial molar volume of the 
methylene groups in the bilayer is about o% larger than in bulk hydrocarbons 
and that the additional 37c free volume is occupied by water. On the other hand, 
liquid hydrocarbons aI^^•ays have at least 20% free volume (20), only a minute 
fraction of which can be occupied by water, and thus a further 3% would be very 
unlikely to make an appreciable difference to the water solubility. It has been 
argued that water penetrates the outer regions of the hydrocarbon layer. One 
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such argTiment arose from a finding that in Montal-Mueller "solventless" 
bilayers. the electrical capacity was 0.9 mF cm*^ (93). For this capacity to give 
the same leaflet thickness as that found from X-ray diffraction it is necessary to 
assume a dielectric constant of 2.65 rather than that for n-alkanes, i.e., about 
2.1. The high value for the dielectric constant was taken to indicate that water 
penetrated into the chains of the leaflet. It has now been shown, however, that 
this result is incoiTect (15, 45) and that the true value is about 0.74 /xF cm•^ 
which with a dielectric constant of 2.2, is entirely consistent with the X-ray data 

(Table 2). ^ 

Spectroscopic evidence for surfactant micelles (27, 28, 95, 96) shows that all 
the segments of the surfacUnt chains are to some extent exposed to water, but it 
is not clear that water penetrates the micelles. Thus a considerable amount of 
hydrocarbon is necessarily at the micelle surface and the thermal motion of the 
chains is bound, in the course of time, to bring all the segments into contact, if 
only briefly, with the water. Similar arguments can be applied to the 
phospholipid bilayer above its phase-transition temperature. Under these 
conditions the area per phospholipid molecule is about 70 A* (131). Since the 
polar git)up occupies only about 40 A*, some 30 A' of hydrocarbon per molecule 
must be exposed to the water. This is equivalent to three or four methylene 
groups. 

The detection of water within the hydrocarbon region of the bilayer by ESR 
spectroscopy appears at first sight an attractive proposition. However, 
spectroscopic probes, such as those employed in the ESR technique, are 
exceptionally unsuitable for the detection of water in micelles and bilayers, 
because the probes must have considerably greater affinities for water than the 
hydrocarbon moieties normally present. 

Within bilayevs at temperatures above their transition temperatures, the 
order parameter for the various carbon atoms decreases along the chain, 
reaching a minimum at the terminal methyl groups (125, 126), More relevant to 
the problem of water permeabilitiy is the deduction of D, Gruen (personal 
communication) that in a liquid bilayer the chains are sufficiently delocalized that 
the order at various points across the hydrocarbon region varies remarkably 
little- This conclusion does not hold when cholesterol is present. In such 
instances the segments adjacent to the rigid cholesterol ring system are always 
restricted in their motion and the average order in the bilayer now decreases 
appreciably toward the center (133). 

If the rate^determining step for the movement of water across the bilayer is 
the diffusion through the hydrocarbon-chain region, a knowledge of the 
segmental motions of the lipids is likely to be necessary for a detailed 
understanding of the process. Unfortunately it is by no means clear either how 
the water is distributed or how it moves. Various estimates have been made of 
the "micro viscosity" of the bilayer (8, 36, 38, 128). These are useful if it is desired 
to produce a continuum model for the water transfer, but the microviscosities 
differ according to the manner of their determination and it is not obvious which, 
values are the most relevant to the present problem. 
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Experiments on biological membranes have usually yielded values for the 
diffusional permeability thai were smaller than the osmotic permeability Pf, 
with PtIPa depending on the type of membrane (72, 106). Aside from any 
differences caused by unstirred layers, the relation between the two 
permeability measurements has been considered of interest because it was 
thought 10 be associated with the mechanism by which water crosses the 
membrane. 

For unmodified lipid membranes where the concentration of water in the 
membrane is thought to be extremely small there should be no interactions 
between the water molecules. Hence the values for Pr^nd Fa should be equal and 
this is the experimental finding if corrections are made for the unstirred layers. 
If water moves through aqueous pores, however, Pf can be larger than Pd, as has 
been demonstrated for lipid membranes rendered porous with gramicidin or one 
of the polyene antibiotics. For large pores this inequality could arise because 
under an osmotic pressure gradient the water moves by viscous flow, whereas 
the labeled water molecules move simply by diffusion (80. 97. 102). Assuming 
Poiseuille flow for the net water movement, the ratio Ft/Pa can be related to r, 
the radius of the pore, by 



RT 



[{PilF^) - 1] 



(19) 



where and t?w are the diffusion coefficient and viscosity of the water in the 
pore. For example, consider a pore the size of that created by nystatin (r ^ 4 A): 
with bulk values forD^v and 77^, Equation 19 predicts that the pore radius should 
be about 5 A for the experimental Pr/Pa ratio of about 3.0 (71)/ To some extent, 
this agi'eement may be fortuitous and may be due to several errors canceling. 
For the gramicidin pore, where r :^ 2 A, the predicted P^/Pa with Equati07i 19 
is 1.3, which is substantially different from the experimental value of 5.3 (120). 

The validity of a calculation of the pore radius based on the continuum 
hydrodynamic theory has been checked experimentally for pores several tens of 
angstroms in radius (14). Although the calculation may still give tolerable 
answers even for pores a few angstroms in radius (83), the validity of the theory 
must become questionable when r is comparable to the dimensions of the water 
molecule; in addition it is probably invalid to assign bulk values forD^ and rj^ for 
the inside of the pore. Alternative theoretical treatments have been applied 



"* A correction :some times incroduced (97) when r becomes comparable to a«, the radius of the 
water molecule, 16 to replace 'r* in Equation i3 by X, where r and X are related by 

r = iZal ^ ky* - 

If this corrGction is used when calculating the radius of the nystatin pore fromFifPi, the agreemeni 
with the experimental value i^ even better. 
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when the pore becomes sufficiently narrow that only a single file of water 
molecules can be accommucUterl along the length of the pore and solute and 
solvent molecules cannot overtake. As an extension of the single-file kinetics (65, 
66, 68, 70) and explicit in other ;ipproaches (35, 82, 84) is the prediction that P/P^ 
will have a value near n, the average number of water molecules in the pore; 
'] clearly n can be larger than unity. One other theoretical treatment has indicated 

that P{ and Pu should be equal under single-file conditions (91). The pores 
created by gramicidin are sufficiently narrow (r a 2 A) that the movement of 
water molecules through them probably approximates to single filing. The P /P^ 
ratio of 5.3 measured for gramicidin (120) suggests that the latter theoretical 
I analysis is inapplicable. Although this review is not concerned with the detailed 

[ properties of the gramicidin pore, it should be noted that the average number of 

water molecules in the pore has been inferred to be 6 (119) or 12 (85). These values 
have been deduced from measurements of streaming potentials produced by 
osmotic pressure differences across gramicidin-containing membranes and also 
from the electro-osmotic flux per ion. 
i One interesting conclusion that can be drawn is that there is not necessarily 

\ ' a monotonic relationship between the Pf/Pd ratio and the pore radius. This 

\ makes it impossible lo detemine the pore dimensions solely from the 

measurements of osmotic and diffusional permeabilities. 



F. Water Permeability of a Biological Membrane 

In this final section the general properties of water transport in artificial 
membranes are compared with those found for the plasma membrane of the 
erythrocyte. The techniques used to measure the water permeability of 
liposomes (see sect, ill) have also been previously applied to the erythrocyte (31, 
51, 97, l;?0). For the cell membrane the techniques might be expected to give 
more accurate answers, because each cell in a suspension is uniform and has a 
single membrane of known area. The lipid composition of the membrane in 
mammals consists of approximately an equimolar mixture of cholesterol and 
phospholipid, with the phospholipids being sphingomyelin, phosphatidyl- 
choline, phosphatidylethanolamine, and phosphatidylserine (122). 

The osmotic permeability of erythrocytes of various mammals has been 
measured and in almost all cases the value of Pf has been gi'eater than lOO ^m/s 
at room temperature (51). For the human erythrocyte the osmotic and 
diffusional permeabilities are given in Table 6. These permeability values and 
the Pi/P<i ratio are all larger than one would expect for comparable artificial 
membranes. Thus, for example, artificial membranes made with the phos- 
pholipids extracted from sheep HK erythrocytes plus cholesterol were found to 
have a Pr = 16.8 ^mJs and P„ = 13.8 ^m/s (P/Pu - 1.22) at 26.5X (5). These 
membranes probably did not contain equimolar phospholipid and cholesterol; if 
they had, these permeabilities could have been even lower. By comparison a 
membrane containing an equimolar mixture of egg phosphatidylcholine and 
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cholesterol might be expected to have a Pf and of 10-15 fim/s at the same 
temperature. (The chain composition of egg phosphatidylcholine is roughly 
similar to the erythrocyte phospholipids.) The osmotic permeabilities of 
comparable anificial membranes are thus about an order of magnitude smaller 
than the values for the erthyrocyte. This suggests that the additional 
permeability is due to aqueous pores in the erythrocyte membrane, and 
consistent wiih this idea is the low activation energy for transport and also the 
high P/Pri ratio. This ratio is not accounted for by unstirred layers, as these have 
been estimated to be only about 5 /tm in a permeability experiment (127) and are 
therefore negligible. 

An argument that seems to confirm this conclusion about the presence of 
pores is the fact that after treatment of human red cells with 
p-chloromercuribenzosulfonic acid, the water penneability was reduced to that 
expected for the equivalent artificial membrane (89, 90). The osmotic 
permeability decreased from 200 /tm/s to 20 fxm/$, the ratio of osmotic to 
diffusional peiimeability became close to unity, and the activation energy for 
water transport increased from 4 to 11.5 kcaVmol (90). The erythrocytes of the 
chicken, unlike mammals, have water permeability properties closer to those of 
artificial membranes and p-chloromercuribenzosulfonic acid-treated human 
red cells (Table 6). This may indicate that they do not contain such pores. 

One curious feature aboui these "pores" in the human erythrocyte is that 
althou^i^h they may contribute a large additional water permeability they add 
very little ion peiTneability. Thus the conductance of the membrane of the 
human erythrocytes has been estimated to be about 4 x 10'**' fl"* cm"^ at25'*C 
(75), Even if all this conductance were contributed by the pores, which is not 
necessarily the case, then the pores would have a wacer permeability of about 
5 X 10" ^m/s normalized to a membrane conductance of 10"^ fl"^ cm This is 
much larger than the comparable values for gramicidin or nystatin (see sect. 



TABLE 6. Water permeabilities of erythrocytes at 

room temperature (19-25^C) 





rwTicability. Mrtl/ii 




















Human erychrocjTes* 


173 


5.3 


S.5 


Z.9 


97, 118, MO 


Human erythrocytes 
+ 1 mM p-chloro- 

sulfonic mi 


20 


18 


l.l 


U.3 


90 


Chicken erythrocytes 




13.5 


1.5 


11.4 


19, 21, 43 


AcbivHCion energy (£,,) i» that for the osmotic permeabiliiy. * Values given here fu*e 
typical, but more exiensi»/e dara are eummariicd in review by Forsier (31). ^ This value is 
the mean from 2 sets of measuremems (19. 
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iiE), and indicates that the water-to-ion selectivity for the erythrocyte pore is 
very high. 

The perTDeabilities for mammiiliaii erythrocytes are toward the upper end 
of the range of water permeabilities for biological membranes (72). By 
comparison, egg cells that have to survive in freshwater have water per- 
meabilities of 1 /xm/s or less (81, 106), which is toward the lower end of the 
biological range. It is not clear how such low permeabilities are achieved. From 
results with artificial membranes the presence of sphingolipids with long and 
saturated chains would be expected to produce water permeabilities of the right 
order of magnitude, but at present no data are available on the lipid composition 
of the frog or toad egg cell membrane to confirm this as the mechanism. 



V, SUMMARY 

Knowledge of the permeability of lipid bilayers to water has been gleaned 
largely from studies with black-lipid films, on the one hand, and multi- and 
single-walled lipid vesicles, on the other. These two experimental systems, the 
techniques required for their study, the results they yield, and the relevance of 
these results to those expected for the type of lipid structure thought to be 
present in biological cell membranes form the main part of this review. The 
mechanisms by which water may cross the bilayer are considered in the light of 
recent spectroscopic and other evidence about the structure of the bilayer. The 
modification of lipid membrane permeability brought about by the incorporation 
of pore-forming molecules is discussed briefly. 

Wfi are /rraiefUl to Dr, S. B. Hladky lor his constructive criticism and to Mrs. Mary Edwards for 
preparing the manusci'ipt. 
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